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Foreword
Among all the features of nature that a climate scientist 
ponders, estuaries exercise a special grip on me that is as 
much personal as professional. I grew up less than three 
miles from Long Island Sound and did my first shell fishing 
there as a child (long before the US Clean Water Act was 
adopted; the oysters were inedible due to pollution). I have 
lived most of my adult life within walking distance of the 
Hudson River estuary – and I start most of my days with 
an early walk along its banks (where the water quality has 
improved markedly despite dense urban settlement on both 
banks). I studied the effects of nitrogen pollution originat-
ing from acid rain on the Chesapeake Bay estuary at a time 
when climate change was starting to emerge as an issue for 
governments. One of my early professional writings on the 
subject noted the special vulnerability of estuaries as the 
new threats from warming and sea-level rise interact with a 
pre-existing stew of environmental insults.

Estuaries were then and still are locations of heavy 
urban and industrial development that remakes their con-
tours. Estuaries are the places where major rivers discharge 
to the ocean the sewage, agricultural nutrients, atmospheric 
pollution, and toxins that drain from urban and industrial 
pipes, farmland, and the sky. The consequences have, in 
many cases, made the surviving fish too contaminated to be 
eaten and swimming unpleasant and unhealthy.

The pattern is repeated worldwide, despite improve-
ments resulting from the determined efforts of scientists, 
citizen-activists, and some governments. From a scientific 
perspective, the situation is complex with many detrimental 
stresses abounding, so that the chief cause of deterioration 
is often difficult to determine. At a time when the health 
of some estuaries is improving, climate change and sea-
level rise are accelerating. We need to learn a lot more, very 
fast. Climate Change and Estuaries takes a critical step in 
that direction by laying out the challenges and identifying 
ways to accommodate the effects of climate change while 
governments struggle to rein in the emissions of the green-
house gases that are causing the warming. If someone, or 
just happenstance, desecrates a great work of art, as fire did 
Notre Dame, we do not throw it away or let it deteriorate 
until unrecognizable – we learn from experience, reduce 
the future threat, and call in the restoration crews to do their 
magic. Saving estuaries is more difficult than saving a mas-
terpiece, but there is no other option.

Michael Oppenheimer
Albert G. Milbank Professor of Geosciences and 

International Affairs and the High Meadows 
Environmental Institute

Princeton University
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Preface
Estuaries are vital transitional environments where the land 
meets the sea and freshwater runoff mixes with seawater, 
resulting in salinity gradients, a continuum of biogeochemi-
cal cycles and biota from freshwater to marine, supporting 
an array of distinctive habitats. Collectively, they cover 
more than 400,000 km of global coastline with an estimated 
surface area of 1.1 × 106 km2 (Dürr et al. 2011; Lonsdale et 
al. 2022). Estuaries rank among the most productive eco-
systems on earth, generating exceptional ecological and 
economic provisional services for contemporary society. 
However, their location in the coastal zone, often down-
stream of highly developed and densely populated water-
shed areas with escalating human pressures, renders them 
vulnerable to numerous anthropogenic and environmental 
stressors that can threaten ecosystem structure, function, 
and sustainability while concurrently reducing ecosystem 
services and the resilience of coastal habitats and their 
biotic communities. Indeed, much of the world’s coastal 
population, infrastructure, industry, fisheries, and tour-
ism is located around estuaries, and the potential impacts 
of climate change on engineering infrastructure alone are 
substantial. Because of this, rising sea-levels threaten many 
coastal communities and metropolitan centers through a 
range of interconnected hazards and risks. Furthermore, 
anthropogenic forcing in the coastal zone, supporting 
increasing population growth and development concomitant 
with greater regional and global effects of climate change, 
is modulating physical–chemical and ecological conditions 
in estuarine ecosystems. This poses ever-increasing chal-
lenges for management and conservation programs.

Climate change is a major driver of shifting estuarine 
dynamics. For example, the mechanisms driving biogeo-
chemical cycling in estuaries are being altered by dis-
turbances and stressors associated with climate change. 
Among the most profound consequences of climate change 
in estuaries are warming and altered hydrologic and bio-
geochemical conditions resulting from more intense wet/
dry cycles, including a rise in intense storms. These shifting 
conditions have altered watershed nutrient and contaminant 
delivery, resulting in accelerating eutrophication, prolifera-
tion of harmful algal blooms, and depletion of dissolved 
oxygen, exacerbating natural and anthropogenic hypoxia 
detrimental to biotic communities and their habitats. In 
addition, climate change can play a significant role in the 
establishment, spread, and impact of non-native invasive 
species commonly leading to the degradation of ecosystem 
components. Increasing sea-level rise, water temperature, 
salinity variation, altered freshwater inputs and circulation, 
nutrient enrichment, deoxygenation, acidification, invasive 
species, and resulting changes in physical, chemical, and 
biotic characteristics of estuarine environments are out-
comes of escalating climate change.

The IPCC (2012) has defined climate change as regional 
or global changes in mean climate state or in patterns of 
climate variability over decades to millions of years often 
identified using statistical methods and sometimes referred 
to as changes in long-term weather conditions. Increasing 
atmospheric concentrations of greenhouse gases (primar-
ily carbon dioxide, nitrous oxides, and methane) due to the 
burning of fossil fuels, deforestation, and changing land 
use have led to significant changes in the Earth’s climate 
system, more rapidly now during the Anthropocene than 
at any point in human history. The resulting outcomes have 
generally been detrimental to estuarine and coastal marine 
environments.

There is an array of climate change stressors affecting 
estuarine organisms and habitats. Responses to these stress-
ors are typically non-linear because they do not occur in 
isolation but have synergistic, cumulative, or antagonistic 
interactions that may increase, add to, or decrease the effect 
of individual stressors alone. Multiple direct anthropogenic 
drivers of change often interact synergistically with cli-
matic drivers (e.g., higher intensity storms, increasing tem-
peratures, heatwaves, rising sea-levels, extreme floods, and 
droughts) to amplify impacts in these environments. The 
effects can be transformative. In fact, some local anthropo-
genic activities, such as land reclamation, flow diversions, 
shoreline hardening, and channel dredging, are dominant 
drivers of hydrodynamic and other changes in estuarine sys-
tems that significantly affect biotic communities and habi-
tats. Estuaries occur across diverse environmental settings, 
ranging, for example, from low-relief tropical coastlines to 
deep glaciated fjords. These characteristics influence how 
estuaries are variably impacted by climate change, and how 
they affect the role that estuaries play as a feedback in the 
global carbon cycle (Crosswell et al. 2022). Sea-level rise 
driven by climate change is likely to have the most profound 
impact on the structure and function of intertidal environ-
ments, which are a dominant feature along gently sloping 
coastal margins. By contrast, steeper coastlines like fjords 
may be impacted more by altered freshwater input and 
meltwater cycles resulting from climate change. Other cli-
mate change drivers, such as increasing air and water tem-
peratures and extreme storm events, will interact with and 
amplify the effects of sea-level rise on these environments. 
Interactive drivers, in particular, have accelerated estuarine 
ecosystem degradation and the loss of ecosystem services 
by altering basic properties, physical and chemical charac-
teristics, and ecological processes (Kennish 2021).

Climatic and non-climatic drivers of change vary sig-
nificantly in space and time, influencing physiological 
responses of microbes, flora and fauna, their behavior, 
and trophic interactions, frequently culminating in altered 
demographic characteristics, biotic community structure, 
and ecosystem function. Biotic responses to these drivers 
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of change include marked changes in organism abundance, 
distribution, diversity, community composition, productiv-
ity, phenology, predator–prey interactions, and food web 
dynamics. Some responses are overtly damaging to estua-
rine environments, such as the development and prolifera-
tion of opportunistic harmful (toxic, hypoxia-generating, 
and food web altering) bloom-forming algal taxa (HABs) 
that impair estuarine water quality and degrade biotic 
communities and habitats (Paerl et al. 2018). The loss and 
fragmentation of estuarine habitats including salt marshes, 
mangroves, and seagrasses due to climatic forcing fac-
tors cause acute changes in biotic communities of coastal 
wetlands. These blue carbon ecosystems are important for 
the sequestration of carbon and the mitigation of climate 
change effects, as significant amounts of atmospheric CO2 
are stored in wetland soils and sediments. Rising sea-levels 
and the consequent submergence of salt marshes reduce 
carbon sequestration processes in these critical coastal wet-
lands. Efforts to rehabilitate, revegetate, and restore these 
essential habitats are ongoing, although with variable suc-
cess over protracted time intervals.

Climate change presents major challenges in under-
standing the responses of planktonic, benthic, and nek-
tonic organisms. Changes in estuarine circulation affect 
egg and larval transport, as well as organism recruitment, 
with significant consequences on estuarine population and 
community-level dynamics. Climate-mediated differential 
effects on reproduction, growth, and mortality will have 
an increasingly greater influence on the demographics of 
estuarine organisms during the 21st century. Of great con-
cern is the sustainability of fisheries’ resources in the face 
of climate change and the conservation practices needed 
to support them. The cumulative effects of climate change 
impacts will increase the vulnerability of finfish and shell-
fish species, communities, and estuarine ecosystems. 
Aquaculture is emerging as a driving force for shellfish res-
toration and conservation in estuaries. Natural oyster reefs 
are vulnerable to biogeochemical fluxes, sediment inputs, 
and increased storm intensity, and aquaculture can augment 
shellfish production in estuarine waters. Because of con-
cerns about fisheries and other biotic resources in estuarine 
and coastal marine environments, more investigations are 
also underway to assess climate-mediated effects on fish, 
mammals, and avian populations to determine the totality 
of climate effects on higher trophic-level organisms in these 
environments.

Difficulties in assessing interactive drivers of change 
in estuarine environments are complicating the prediction 
and projected outcomes of ecologic and economic impacts 
important for the development of coastal management 
programs and their remedial measures (e.g., restoration 
and conservation initiatives) to address them and ulti-
mately strengthen ecosystem resilience and sustainability. 
Integrated ecosystem-based management, which considers 
the connectivity of land, atmosphere, estuary, and ocean, as 
well as ecological components and ecosystem services, is 
an effective approach to protecting and maintaining these 

coastal environments. Managing for their future requires 
an appreciation of the socio-economic-ecologic context, 
decision-making frameworks, management options, and 
strengthening of resilience in response to the climate crisis 
itself.

Climate Change and Estuaries examines the drivers 
of change in estuarine environments, notably the interac-
tive effects and impacts of multiple anthropogenic climatic 
and non-climatic drivers that affect the structure and func-
tion of estuarine ecosystems. It also assesses the manage-
ment approaches implemented to mitigate the impacts 
and increase adaptation, resilience, and sustainability of 
these environments as well as built coastal communities. 
An example in estuaries is the sequestration of carbon in 
wetlands as a pathway to mitigate climate change impacts. 
Because of the danger that climate change poses to natural 
and built environments along the coast, conservation and 
restoration programs supporting the goals of long-term sus-
tainability and resilience of coastal habitats and communi-
ties in the face of rising sea-levels and other climatic-driven 
effects must also be important elements of a holistic man-
agement program. Examples include the siting of Marine 
Protection Areas (MPAs), shoreline stabilization, wetland 
drainage restoration, and thin-layer sediment application 
to increase marsh elevation. The tasks to achieve manage-
ment goals to halt or reverse the effects of climate change 
on estuaries over the succeeding decades of the 21st century 
will be difficult because of ongoing greenhouse gas emis-
sions and the persistence of elevated CO2 concentrations in 
the atmosphere.

This book consists of three sections: (1) physical–chemi-
cal aspects; (2) biological aspects; and (3) management 
aspects. It not only examines climatic and non-climatic 
drivers of change affecting estuarine environments but also 
their interactions and effects on populations of organisms, 
communities, habitats, and ecosystem structure and func-
tion. The management of climate change effects in estuaries 
considers both natural and built communities and includes 
mitigation, adaptation, and resilience programs. The vul-
nerability and sustainability of estuaries to climate change 
are also assessed in response to temperature increases, pre-
cipitation patterns, extreme storm and drought events, ris-
ing sea-levels, and other drivers of change.

Chapter 1 is an overview of Climate Change and 
Estuaries. Chapter 2 covers the dynamics of climate change 
in the earth system. Chapter 3 provides a description of 
estuaries, their historical development, and classifications. 
Ensuing chapters examine specific aspects of climate change 
and interactive factors: (Chapter 4) sea-level rise; (Chapter 
5) anthropogenic drivers of estuarine change; (Chapter 6) 
saltwater intrusion; (Chapter 7) biogeochemical changes; 
(Chapter 8) hypoxia; (Chapter 9) acidification; (Chapters 10) 
carbon dynamics; (Chapter 11) blue carbon; (Chapter 12) 
circulation and hydrological responses; (Chapter 13) sedi-
ment dynamics; (Chapter 14) intertidal and subtidal envi-
ronments; (Chapter 15) organism responses; (Chapter 16) 
microbial ecology; (Chapter 17) nutrients, phytoplankton, 
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and harmful algal blooms (HABs); (Chapter 18) macroal-
gae; (Chapter 19) salt marshes; (Chapter 20) mangroves; 
(Chapter 21) seagrasses; (Chapter 22) benthic communi-
ties; (Chapter 23) shellfish; (Chapter 24) fish; (Chapter 25) 
estuarine and coastal birds; (Chapter 26) invasive species; 
(Chapter 27) faunal response to estuarine deoxygenation; 
(Chapter 28) estuarine management, mitigation, and future 
conditions; (Chapter 29) sea-level rise risk and adaptation 
in estuaries; (Chapter 30) resilience of estuarine and coastal 
marine environments to climate change; (Chapter 31) cli-
mate change adaptation of engineering infrastructure; and 
(Chapter 32) conservation and management strategies deal-
ing with climate change impacts in estuaries.
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Introduction to Climate 
Change and Estuaries

Michael J. Kennish, Hans W. Paerl, and Joseph R. Crosswell

ABSTRACT

Estuaries are highly variable, complex coastal environ-
ments that rank among the most productive aquatic eco-
systems on earth. They have great value to humans because 
of their diverse and extensive services. However, estuar-
ies are particularly susceptible to human impacts because 
of burgeoning population growth and development in the 
coastal zone as well as multiple climatic stressors. Climate 
change affects estuaries in a myriad of ways, most notably 
by increasing water temperature, sea-level, tropical cyclone 
intensity, storm surge, extreme precipitation, and freshwa-
ter flux interspersed with record droughts, resultant major 
salinity shifts, as well as altered biogeochemical cycling and 
circulation processes, accelerating shoreline erosion, and 
degrading wetlands habitat; all of which is leading to major 
alterations of the structure and function of biotic communi-
ties (e.g., species abundance, distribution, diversity, repro-
duction, phenology, production, and trophic interactions) 
worldwide. Climatic drivers often interact with anthropo-
genic non-climatic drivers, including nutrient over-enrich-
ment, sediment loads, and xenobiotic pollutant inputs to 
exacerbate adverse effects in estuaries. The overall impact 
of climate change on estuarine and coastal marine environ-
ments is increasing, and thus effective management strate-
gies are needed to mitigate these adverse effects while also 
effectively increasing resilience and environmental sustain-
ability. Restoration efforts must also be implemented for the 
recovery of estuaries that are already severely impacted and 
no longer sustainable.

Key Words: estuaries, climatic drivers, non-climatic driv-
ers, anthropogenic impacts, ecological changes, mitigation, 
adaptation, resilience, sustainability

1.1  INTRODUCTION

Estuaries are complex and dynamic coastal ecosystems. 
They are transitional environments where the land meets 
the sea and freshwater runoff mixes with seawater, result-
ing in salinity gradients, a continuum of biogeochemical 
cycles and biota from freshwater to marine, as well as an 
array of distinctive habitats. They rank among the most pro-
ductive ecosystems on earth, rivaling those of coral reefs 
and tropical rain forests.

About 40% of the world’s more than 8 billion human 
population lives within 100 km of the coast, with many 
depending on the provision of estuarine environments 
(Kennish 2019). The global value of estuarine ecosystem 
services and that of adjoining coastal wetlands is esti-
mated to be in the trillions of dollars and includes broad 
and essential ecological, economic, and societal benefits 
(Barbier et al. 2011; Costanza et al. 2014). Among the most 
highly valued human services associated with estuaries 
are recreational and commercial fisheries, tourism, aqua-
culture, electric power generation, oil and gas operations, 
transportation, and shipping, as well as a source of natural 
substances used in the production of specialty chemicals 
and foods, medicines, and pharmaceuticals. Many large 
and vibrant cities of the world are located near estuaries, 
and hence the real estate value bordering these coastal 
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water bodies is typically high (Thrush et al. 2014). They 
are important venues for coastal tourism, being heavily 
utilized by swimmers, fishers, boaters, hunters, and bird-
watchers. Clearly, the world economy relies heavily on the 
human use of estuaries and the rich resources and services 
they provide.

Numerous environmental factors affect the structure 
(biotic community composition, species abundance, and 
biodiversity) and function (biotic production of organic 
matter, biogeochemical cycling, including the transforma-
tion of nutrients, filtration of pollutants, capture and storage 
of carbon, and trapping of sediments) of estuarine ecosys-
tems (Kennish 2016, 2017). An array of habitats supports 
numerous populations of estuarine and marine organisms 
many of recreational and commercial importance. As noted 
by Kennedy et al. (2002), about 75% of commercially har-
vested marine fish and shellfish species representing up to 
90% of the recreational harvest of marine species in the 
USA depend on estuaries for reproduction and spawning, 
nursery and refuge habitats, feeding grounds, and migra-
tion routes between spawning and feeding habitats.

The buffering capacity of coastal wetlands and estuaries 
helps protect and sustain upland habitats and infrastructure 
against the insidious and acute impacts of climate change, 
including sea-level rise, storm surge, shoreline erosion, 
inundation, flooding, and salinity intrusion. Because coastal 
development is escalating with millions of new inhabitants 
living in watersheds surrounding estuaries, management 
strategies are being developed to ensure the long-term sus-
tainability and resilience of coastal habitats and communi-
ties in the face of rising sea-levels and other climate-driven 
effects (Kennish 2021, 2022). Since 1950, the world popula-
tion has more than tripled (~2.5 billion in 1950 to >8 bil-
lion in 2022; United Nations Department of Economics and 
Social Affairs Population Dynamics 2022) with a major 
fraction of the total growth occurring in coastal regions. 
In the USA alone, more than 130 million people (~42% of 
the nation’s population) inhabited coastal shoreline coun-
ties in 2013 (Kildow et al. 2016; Payne et al. 2018). These 
population figures are similar to those of other countries. 
Human population growth and urbanization are increasing 
substantially in coastal zones, with an estimated 75% of the 
world’s population expected to live there by 2025 (Bianchi 
2007; Bianchi and Allison 2009). Not surprisingly, anthro-
pogenic stressors are major drivers of change in estuarine 
environments.

Coastal erosion coupled with rising sea-levels impacts 
beaches, dunes, estuarine basins, and shoreline habitats 
worldwide. In the USA, for example, Hapke et al. (2011) 
reported long-term erosion rates of 0.5 ± 0.09 m/yr along 
the Mid-Atlantic and New England coasts. More than 80% 
of the beaches on the east coast of the USA are now erod-
ing. Beach renourishment projects are on the rise in many 
coastal regions to help maintain these habitats.

The objective of this book is to examine and assess the 
interactive effects and impacts of multiple anthropogenic 
climatic and non-climatic drivers that affect and alter the 

structure and function of estuarine ecosystems, as well as 
the management approaches to mitigate the impacts and 
increase sustainability and resilience of these ecosystems 
and coastal communities. Climatic drivers include “any 
climate-induced factor that directly or indirectly causes 
a change” (Wong et al. 2014). Climate change is defined 
as regional or global changes in mean climate state or in 
patterns of climate variability over decades to millions of 
years often identified using statistical methods and some-
times referred to as changes in long-term weather condi-
tions (IPCC 2012).

Climate change effects in estuaries must be assessed in 
conjunction with direct anthropogenic drivers in coastal 
watersheds that can exacerbate overall impacts, including 
removal of natural vegetation, erosion of soils, mobilization 
of sediments, associated nutrients and other pollutants, con-
struction of impervious surfaces and hardened shorelines, 
application of fertilizers, diversion of freshwater, and infra-
structure expansion, as well as estuarine basin effects, such 
as dredging, marina and harbor construction, shipping, and 
aquaculture (Table 1.1). Improved land-use policies and 
water management plans are necessary to reduce interactive 
effects of anthropogenic climatic and non-climatic drivers 
of change that are adversely affecting estuaries and other 
coastal environments (Breitburg et al. 1998, 2018; Scavia 
et al. 2002; Crain et al. 2008; Monbaliu et al. 2014; Robins 
et al. 2016; Bindoff et al. 2019). Management strategies are 
focusing on the mitigation of anthropogenic climatic and 
non-climatic stressor impacts, adaptation to changing con-
ditions, an increase in resilience of coastal communities, 
and sustainability of habitats.

1.2  PLAN OF THE VOLUME

Climate Change and Estuaries consist of three major sec-
tions: (1) physical–chemical aspects; (2) biological aspects; 
and (3) management aspects. The book not only examines 
climatic and non-climatic drivers of change affecting estu-
arine environments but also their interactions and effects 
on populations of organisms, communities, habitats, and 
ecosystem structure and function. The management of cli-
mate change effects in estuaries considers both natural and 
built communities and includes mitigation, adaptation, and 
resilience programs. The vulnerability and sustainability of 
estuaries to climate change are also assessed in response 
to temperature increases, altered precipitation amounts and 
patterns, more extreme storm and drought events, rising 
sea-levels, and other drivers of change.

Chapters in the book discuss how climate change affects 
estuaries by modulating water temperature, salinity, sea-
level, storm intensity and storm surge, precipitation and 
freshwater flux, as well as biogeochemical and circulation 
processes, shoreline erosion, sediment delivery and deposi-
tion, and other phenomena. For example, warming waters 
and density changes, shifting currents and water masses, 
reduced dissolved oxygen and acidification, and other fac-
tors are affecting the biogeochemical cycling of carbon and 
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nutrients (N, P, Si, Fe, and micronutrients), and from the 
organismal perspective, abundance, distribution, diversity, 
reproduction, phenology, species interactions, food web 
dynamics, and community structure of estuarine and marine 
organisms. Climate-driven biotic invasions and extinctions 
are increasing. Fishery yields are changing in different 
regions, some driven by overfishing and others by water 
quality and habitat declines. Rising sea-level, mainly attrib-
utable to the thermal expansion of the oceans and melting 
of ice sheets, is responsible for the increasing loss of essen-
tial coastal habitat (e.g., salt marshes, seagrasses, and man-
groves) and an array of diminishing ecosystem services. 
Rising sea-level reduces the resilience and sustainability 
of many coastal wetlands and other essential estuarine and 
coastal marine habitats that provide a protective buffer for 

natural and developed communities from extreme weather 
events, inundation, and flooding. Increasing frequencies of 
extreme rainfall and flooding events, and associated accel-
erated loading of nutrients and organic matter in runoff, are 
accelerating eutrophication, increasing HABs, and expand-
ing hypoxia in receiving waters (Figure 1.1).

Chapter 1 is an overview of Climate Change and 
Estuaries. Chapter 2 covers the dynamics of climate change 
in the earth system. Chapter 3 provides a description of 
the origin, historical development, and classifications of 
estuaries. Ensuing chapters examine specific aspects of 
climate change and interactive factors: (Chapter 4) sea-
level rise; (Chapter 5) anthropogenic drivers of estuarine 
change; (Chapter 6) saltwater intrusion; (Chapter 7) bio-
geochemical changes; (Chapter 8) hypoxia; (Chapter 9) 
acidification; (Chapter 10) carbon dynamics; (Chapter 11) 
blue carbon; (Chapter 12) hydrological responses and circu-
lation changes; (Chapter 13) sediment dynamics; (Chapter 
14), intertidal and subtidal environments; (Chapter 15) 
organism responses; (Chapter 16) microbial ecology; 
(Chapter 17) nutrients, phytoplankton, and harmful algal 
blooms (HABs); (Chapter 18) macroalgae; (Chapter 19) salt 
marshes; (Chapter 20) mangroves; (Chapter 21) seagrasses; 
(Chapter 22) benthic communities; (Chapter 23) shellfish; 
(Chapter 24) fish; (Chapter 25) avifauna; (Chapter 26) inva-
sive species; (Chapter 27) deoxygenation and estuarine 
fauna; (Chapter 28) estuarine management; (Chapter 29) 
risks and adaptation; (Chapter 30) resilience; (Chapter 31) 
effects on engineering infrastructure; and (Chapter 32) con-
servation and management strategies.

1.3  CLIMATE CHANGE DRIVERS

1.3.1  TemperaTure Increases

The global mean surface temperature (GMST) of the earth 
is increasing. It increased by 1.09°C between 1850–1900 
and 2011–2020 (Gulev et al. 2021). The 20th century was 
the warmest in more than 1000 years; however, the high-
est temperature increases have occurred since 1970. The 
last two decades (2001-2020) were warmer than those dur-
ing the past century, with the decade of 2011–2020 being 
the warmest on record (IPCC 2021). As noted by Robert 
Kopp, a climate scientist in the Department of Earth and 
Planetary Sciences at Rutgers University, more than 90% 
of the warmest years on record have occurred since 2000. 
Among the warmest years recorded by NASA and NOAA 
(i.e., 2015–2020), 2016 and 2020 were the warmest, reach-
ing 1.02°C above the baseline 1951–1980 mean.

Between 1880 and 2012, the globally averaged combined 
land and ocean surface temperature increased by 0.85°C 
(0.65 to 1.06°C) (Wong et al. 2014). The highest combined 
temperatures were observed after 2000, with 2010 tying 
with 2005 as the warmest combined global land and ocean 
annual surface temperature increase of 0.62 ± 0.07°C 
(IPCC 2014). Global climate models predict that anthro-
pogenic and natural forcing factors will lead to significant 

TABLE 1.1 
Major anthropogenic drivers of change in estuaries

Drivers

Class 1 (Degrade Water Quality)

  Nutrient Enrichment/Eutrophication

  Organic Carbon and Thermal Loading

  Biogeochemical Alteration

  Chemical Contaminants

  Sediment/Particulate Inputs

  Sewage Inputs

  Pathogens

Class 2 (Impact Habitat)

  Watershed Development

  Watershed Impervious Cover

  Dredging and Dredged-Material Disposal

  Shoreline Hardening

  Lagoon Construction

  Land Reclamation and Impoundments

  Coastal Subsidence

Class 3 (Alter Biotic Communities)

  Human-altered Hydrological Regimes

  Overfishing

  Intensive Aquaculture

  Invasive/Introduced Species

  Floatables/Plastics/Debris

Class 4 (Climate Linked)

  Climate Change Drivers 

   CO2, CH4, NO2, Chlorofluorocarbons, (Greenhouse Gases)

    Warming Temperatures

    Precipitation and Land Runoff

    Extreme Events

     Hurricanes and Other Major Storms

     Storm Surges

     Tornadoes

     Droughts

Source: Modified from Kennish (2021).
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planetary temperature increases during the 21st century, 
likely exceeding 1–2°C unless significant measures are 
taken to mitigate greenhouse gas emissions (IPCC 2021).

Water temperatures in the estuaries and oceans of the 
world are increasing as well (Kennish 2019; Bindoff et al. 
2019; Fox-Kemper et al. 2021). However, the temperature 
increases have been significantly less than over land; for 
example, for the period from 1850–1900 to 2011–2020, 
the GMST increased by 0.88°C on the ocean surface com-
pared to 1.59°C over the land (Gulev et al. 2021). Most of 
the warming in the oceans (0.60°C) has occurred since 
1980, with the rate of ocean warming more than doubling 
since 1993 (Pörtner et al. 2019; Gulev et al. 2021). Marine 
heatwaves (i.e., sustained periods of anomalously high 
near-surface temperatures that can lead to severe and per-
sistent impacts on marine ecosystems) are becoming more 
frequent, doubling in number since the 1980s (Fox-Kemper 
et al. 2021). Ocean surface temperatures are projected to 
increase further during the 21st century (on average by 
0.86°C for the period from 1995–2014 to 2081–2100 in the 
SSP1-2.6 emission scenario and by 2.89°C in the SSP5-8.5 
emission scenario) (Fox-Kemper et al. 2021).

The oceans are the primary sink for the increase in 
energy storage in the earth’s climate system, accounting for 
more than 90% of the heat energy accumulated from 1971 
to 2000. Much of the added global heat is concentrated in 
the upper ocean (Levitus et al. 2012). Between 1955 and 
1995, water temperature for the combined Atlantic, Pacific, 
and Indian Oceans increased by 0.06°C in the upper 
3000 m and 0.31°C in the upper 300 m. Similarly, water 

temperature in the Southern Ocean between the 1950s and 
1980s increased by 0.17°C at mid-depths (700–1100 m) 
(Moran 2011). The mortality rates of many marine organ-
isms will increase with rising ocean temperatures, as will 
range shifts in organism geographic distributions and 
altered trophic interactions (Robins et al. 2016; Hoegh-
Gulberg et al. 2018; Bindoff et al. 2019; Fox-Kemper et al. 
2021). These changes will significantly affect ecosystem 
services (IPCC 2021).

More than 70% of the world’s coastlines have experi-
enced significant increases in sea surface temperature over 
the past three decades at a rate of 0.18 ± 0.16°C per decade 
(Lima and Wethey 2012). The mean rate of increase in sea 
surface temperature along coastlines has been greater than 
that of the open ocean (Wong et al. 2014). Rising tempera-
tures will significantly change the physical state of high-
latitude systems (e.g., reduction in glaciated fjords and loss 
of permafrost in watersheds) (IPCC 2021).

Rising global temperatures are greatly affecting estua-
rine organisms by altering physiological and reproductive 
processes, as well as growth and survival rates (Robins et 
al. 2016; Frid and Caswell 2017; Kennish 2019). Warmer 
estuarine waters promote algal blooms, and greater precipi-
tation and runoff driven by climate change increase bacte-
rial and viral pathogens (e.g., Vibrio spp., adenovirus, and 
norovirus), facilitating disease transmission via waterborne 
and foodborne sources (Paerl et al. 2014, 2017; Kennish 
2019). Such transmission increases in estuaries receiving 
heavy microbial loads in agricultural runoff and sewage 
inputs from combined sewer overflows (CSOs), particularly 

FIGURE 1.1 Conceptual diagram, adapted from Paerl (2014), of interactive physical, chemical, and biological controls on eutrophica-
tion, harmful algal bloom formation, and hypoxia along the freshwater-to-marine continuum.
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after storm events that deliver large amounts of precipita-
tion (Kennish 1997, 2002, 2016; Robins et al. 2016). These 
effects can significantly degrade water quality (Kennish 
2019).

Increasing atmospheric and ocean temperatures are cou-
pled with escalating greenhouse gas emissions, most nota-
bly carbon dioxide (CO2), largely driven by human-induced 
fossil-fuel combustion. Deforestation also has contributed 
to the increase in atmospheric CO2 concentrations observed 
over the past century (IPCC 2021). CO2 concentrations in 
the atmosphere now exceed 410 ppm, up from 285.5 ppm in 
1850 (Gulev et al. 2021), and likely reaching their highest 
level in the last 15 million years in 2020. In addition, water-
shed land-use changes, urbanization, as well as agricultural 
and industrial expansion are responsible for increased emis-
sions of other potent greenhouse gases, including methane 
(CH4) and nitrous oxides (N2O). For example, CH4 and N2O 
levels reached levels of 1866.3 ppb and 332.1 ppb, respec-
tively, in 2019 far exceeding pre-industrial levels (Gulev et 
al. 2021).

A long-term goal of the 2015 Paris Climate Agreement 
is to limit the increase in global mean temperature to well 
below 2°C above pre-industrial levels and to pursue efforts 
to limit the temperature increase to 1.5°C above pre-indus-
trial levels. Limiting temperature increases below these 
levels will substantially reduce the environmental risk and 
effects of climate change on estuarine and marine organ-
isms and habitats. However, the current rate of CO2 and 
other greenhouse gas emissions will lead to higher levels 
of temperature increases and more intense and persistent 
droughts. Unless these emissions are substantially cur-
tailed or eliminated, the global mean surface temperature 
increase will exceed 2°C or even 3°C by the end of the 21st 
century. Currently, less than 20 of the 195 countries in the 
Paris Climate Agreement are on track to meet their CO2 
emission goals.

1.3.2  sea-LeveL rIse

The mean ocean heat content has steadily increased over 
the past 50 years. Thermal expansion of ocean waters and 
the melting of polar ice sheets and continental glaciers are 
the primary drivers of rising sea-levels worldwide (Bindoff 
et al. 2019; Kennish 2019; Pörtner et al. 2019; Fox-Kemper 
et al 2021). Global warming projections indicate significant 
increases in oceanic mass and higher sea-levels during the 
21st century as well. The Greenland and Antarctic (west-
ern Antarctic Peninsula) ice sheets, which have been los-
ing mass over the past two decades because of increasing 
temperatures and meltwater generation, contribute substan-
tially to the observed increases in sea-level. The volume of 
Arctic sea ice has also been rapidly declining over the past 
four decades, and projections indicate that extensive areas 
in the Arctic will be ice-free during the 21st century. NASA 
has reported that the extent of Arctic sea ice is decreasing at 
a rate of 12.9% relative to the 1981 to 2010 average. Overall, 
Arctic sea-ice cover has declined by ~50% since 1980.

It is important to differentiate global mean sea-level 
(GMSL) rise and relative sea-level (RSL) rise. Horton et al. 
(2018) defined GMSL as the areal mean of either RSL or 
sea surface height over the global ocean. They defined RSL 
as the difference in elevation between the sea surface and 
the land. RSL rise determinations must consider climate-
induced GMSL rise, regional sea-level variations, and local 
non-climate-related sea-level changes (Wong et al. 2014). 
The rate and magnitude of RSL vary geographically with 
the occurrence of various drivers of change including: (1) 
atmosphere/ocean dynamics (e.g., winds and currents); (2) 
static-equilibrium effects (i.e., gravitational, rotational, and 
elastic deformational effects) of ocean/cryosphere/hydro-
sphere mass distribution on the height of the geoid and the 
earth’s surface; (3) glacio-isostatic adjustment (GIA); (4) 
coastal subsidence due to sediment compaction, ground-
water removal, and oil and gas withdrawals; (5) tectonics 
(seismic movement); and (6) mantle dynamic topography 
(Horton et al. 2018).

According to Pörtner et al. (2019), there is a high degree 
of confidence that the rates of GMSL increases were 1.5 
mm yr–1 for the period 1902–2010, 2.2 mm yr–1 for 1970–
2015, 3.2 mm year–1 for 1993–2015, and 3.6 mm yr–1 for 
2006–2015. More recently, Gulev et al. (2021) reported that 
GMSL increased at a rate of 1.35 mm yr–1 for the period 
1901–1990 to 3.25 mm yr–1 for 1993–2018. Fox-Kemper 
et al. (2021) noted that sea-level rise has accelerated since 
the late 1960s at an average rate of 2.3 mm yr–1 for the 
period 1971–2018 to 3.7 mm yr–1 for 2006–2018. The domi-
nant cause of GMSL rise since 1970 has been attributed 
to anthropogenic forcing (Dangendorf et al. 2015, 2017; 
Slangen et al. 2016; Horton et al. 2018; Fox-Kemper et al. 
2021).

GMSL increased by 0.20 (0.15–0.25) m over the period 
1901 to 2018 (Fox-Kemper et al. 2021). It is projected to 
increase through the 21st century and beyond (IPCC 2021). 
GMSL rise projections have been estimated for 2050 and 
2100 based on physical modeling and statistical techniques. 
Best estimates of GMSL rise for 2050 range up to 0.5 m. 
Fox-Kemper et al. (2021) proposed that, relative to the 
period 1995–2014, GMSL will increase between 0.18 m 
and 0.23 m by 2050. GMSL rise estimates for 2100 range 
up to 1.0 m under 1.5°C stabilization and up to 1.1 m under 
2.0°C stabilization (Bittermann et al. 2017; Rasmussen et 
al. 2018). Gulev et al. (2021) also reported that GMSL could 
increase up to 1.1 m by 2100.

Arias et al. (2021) conveyed that GMSL is projected to 
increase between a median of 0.38 m (0.28–0.55 m likely 
range) under a lower temperature increase scenario (SSP1-
1.9) and 0.77 m (0.63–1.02 m likely range) under a higher 
temperature increase scenario (SSP5-8.5) by 2100. Further, 
a study by Bamber et al. (2019) showed that under a high-
temperature scenario, sea-level rise could even exceed 2 m 
by 2100. A long-term increasing trend of sea-level rise is 
projected for most coastlines of the world, which will have 
a marked impact on the structure and function of estuarine 
and coastal marine ecosystems.
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Sea-level changes are not spatially or temporally uniform 
but vary over a wide range in large part because anthropo-
genic climatic and non-climatic drivers are highly variable. 
As a result, the rate of sea-level rise in many areas can devi-
ate considerably from the global mean value as is evident by 
RSL rise measurements at the local scale, which often dif-
fer from GMSL rise measurements. Geographically vari-
able, anthropogenic non-climatic drivers of change, such 
as coastal development, land-use changes, altered sediment 
delivery due to dam building and other structural elements, 
and human-induced coastal subsidence, cause large varia-
tions in local RSL rise that may exceed GMSL rise by an 
order of magnitude or more.

Among the areas experiencing the most rapid changes 
of RSL are large cities on coastal plains and deltas that are 
subsiding because of heavy building loads, groundwater 
withdrawal, oil and gas extraction, sediment accumulation, 
and compaction (Mazzotti et al. 2009). Examples include 
the Po delta, eastern Tokyo, and Shanghai. In the USA, the 
Mississippi River delta is subsiding at a much greater rate 
than other coastal areas, leading to a high rate of inunda-
tion and coastal wetlands habitat loss. White and Tremblay 
(1995) noted that sea-level rise and subsidence were largely 
responsible for nearly 60% of the wetland loss along the 
northern Gulf of Mexico. Jankowski et al. (2017) reported 
a total land-surface subsidence rate of ~10 mm yr–1 over 
decadal timescales along the Louisiana coastline. GMSL 
rise, land-surface subsidence, and sediment deficits are 
the primary drivers of the rapid coastal land loss in the 
Mississippi River delta region (Frederick et al. 2019).

Vertical crustal movements along active tectonic plate 
margins can also account for substantial RSL change. 
For example, the Great Alaskan Earthquake of March 27, 
1964, the largest ever recorded in North America (magni-
tude 9.2), caused abrupt subsidence of extensive areas near 
Anchorage amounting to ~2.5 m. By contrast, other coastal 
areas affected by this subduction zone earthquake were 
raised nearly 10 m (Hansen 1967). Similarly, the Tōhoku 
Earthquake of March 11, 2011, the largest ever recorded in 
Japan (magnitude 9.0), resulted in ~0.6 m of coastal subsid-
ence along a 400-km stretch of coastline, with some areas 
subsiding up to 1.2 m (Norio et al. 2011). Crustal tectonic 
movements in other regions of the world are not rapid, but 
sustained, generating considerable RSL change over time.

The rate of coastal sea-level rise varies regionally as 
well due to changing climate and ocean dynamic processes 
(e.g., air-sea heat and freshwater fluxes, as well as variable 
winds, air pressure, and ocean currents) (Wong et al. 2014). 
Regional climate variability occurs on interannual, decadal, 
and interdecadal timescales driven by large-scale climate 
phenomena that also affect sea-level (Zhang and Church 
2012). For example, the El Niño–Southern Oscillation 
(ENSO), the dominant source of interannual variability, 
induces significant sea-level changes in the tropical Pacific 
Ocean, varying from GMSL by up to 40 cm (Landerer et 
al. 2008; Walsh et al. 2012). Similarly, the Pacific Decadal 
Oscillation (PDO) and the Interdecadal Pacific Oscillation 

(IPO) are ENSO-like climate variability patterns in the 
Pacific Ocean occurring on decadal and interdecadal times-
cales. Zhang and Church (2012), using near-global TOPEX/
Poseidon and Jason altimetry data, ascribed the rapid rates 
of sea-level rise in the western tropical Pacific Ocean in 
part to basin-scale decadal climate variability. They also 
attributed the negligible sea-level rise (or even falling sea-
level) in the eastern tropical Pacific Ocean and west coast 
of the USA to a combination of decreasing sea-levels asso-
ciated with decadal climate variability and a positive sea-
level trend.

Glacial isostatic rebound is another driver of RSL rise 
variation. Coastlines near melting glaciers and ice sheets 
exhibit falling sea-levels (Milne et al. 2009). This is because 
of decreasing gravitational attraction of the melting ice 
sheet on ocean waters as well as rising lands in response 
to the loss of ice mass, changing shape of the seafloor 
under the reduced load of ice sheets, and the altering of the 
earth’s rotation in response to a change in mass distribution 
(Gomez et al. 2010; Wong et al. 2014).

1.3.3  OTher cLImaTIc DrIvers

Increasing temperature and sea-level rise are accom-
panied by other climate change effects. Changing wind 
patterns coupled with rising regional and global tempera-
tures can significantly affect coastal and estuarine circula-
tion patterns, altering upwelling and downwelling, wave 
heights, and other water movements in the sea. High wind 
stress driven by extreme weather events, such as tropical 
and extratropical cyclones and other major coastal storms 
raises sea-levels, albeit ephemerally, as do astronomical 
tides. Falling atmospheric pressure during major storms 
also raises sea-levels. For example, a storm surge along 
the New Jersey coast (USA) during Hurricane Sandy in 
October 2012 raised sea-levels by ~3–4 m, impacting estu-
arine basins. The highest sea-levels observed in coastal 
regions have occurred when tropical cyclones made land-
fall concurrently at the time of spring tides, such as in 
New Jersey during Hurricane Sandy. While there has been 
an increase in the frequency and intensity of the stron-
gest tropical cyclones since the 1970s, future trends are 
unclear, although it is very likely that the global mean 
tropical cyclone precipitation and maximum wind speed 
will increase (Wong et al. 2014). Future projections of 
storm surges are uncertain as well because of the vaga-
ries of tropical cyclones and coastal storm characteristics. 
However, it is likely that storm surges will continue to be 
an important factor in the genesis of extreme sea-levels 
locally or regionally on an ephemeral basis. GMSL rise 
will exacerbate these effects by raising the sea-level plat-
form and causing greater storm surges and inundation 
impacts on estuaries, coastal landforms, and bayshore 
communities.

Shifts in coastal ocean currents near estuaries could result 
in significant physico–chemical and biotic changes in these 
systems. Phytoplankton productivity often significantly 
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increases in areas of greater coastal upwelling and declines 
in areas where upwelling decreases. Phytoplankton blooms 
occurring in some wind-driven coastal upwelling areas 
enhance organic carbon production and elevate BOD, lead-
ing to a reduction in dissolved oxygen levels, which has 
been the recurring case in nearshore ocean waters of New 
Jersey (USA). Seafloor topographically controlled coastal 
upwelling centers along the New Jersey coast are co-located 
with historical regions of low dissolved oxygen (Glenn et 
al. 2004). Increasing wind stress linked to ongoing climate 
change will be a potentially significant driver of coastal 
upwelling events during the 21st century.

Predictive models indicate greater global precipitation 
(up to ~15–20%) in the future; however, for some locations 
(Southwest USA) more droughts are predicted, which will 
negatively impact freshwater delivery to estuaries. A signif-
icant effect of ocean warming is the increasing frequency 
and intensity of high rainfall tropical cyclones, which have 
major impacts on coastal flooding, nutrient/organic mat-
ter loading, biogeochemical changes along the estuarine 
aquatic continuum, and salinity regimes (Figure 1.2) (Paerl 
et al. 2019). However, there will be important regional 
differences in precipitation, and significant geographic 
variation in freshwater runoff as well, with up to a 50% 
increase in precipitation above 50°N latitude and a 20% 
decrease between 20 and 50°N and °S latitudes (Frid and 
Caswell 2017). In contrast, there will be a local reduction 

in freshwater runoff and sediment delivery to estuaries and 
coastal waters in many areas due to the location of dams, 
dikes, levees, reservoirs, and other upland anthropogenic 
structures together with freshwater diversions for agricul-
tural and domestic water use. Although large regional vari-
ability exists in freshwater delivery to coastal waters, there 
is a net global declining trend in freshwater input (Wong et 
al. 2014).

Decreased freshwater delivery reduces the flushing 
rate, increases salinity, and protracts water residence time 
in estuaries, affecting the distribution and abundance of 
organisms. Variability of water residence time strongly 
influences phytoplankton biomass and community compo-
sition, which have important consequences for energy flow 
through food webs in estuarine ecosystems (Paerl et al. 
2006, 2014). For estuaries receiving high freshwater runoff 
from coastal watersheds in response to hurricanes and other 
storms, greater sediment and nutrient delivery is character-
istic, as is salinity reduction (Paerl et al. 2019). Changes 
in vertical stratification and mixing affect biotic production 
and food web structure (Scavia et al. 2002; Kennish 2016). 
Increasing nutrient inputs promote eutrophication with a 
greater incidence of algal blooms, reduced dissolved oxy-
gen levels, and loss of seagrass and other essential habi-
tats, particularly in the more susceptible coastal lagoons 
(Figure  1.2) (Kennish et al. 2007; Howarth et al. 2011; 
Kennish and Paerl 2010; Paerl and Paul 2012; Paerl 2017; 

FIGURE 1.2 Conceptual diagram, adapted from Crosswell (2013), showing the biogeochemical response of a lagoonal estuary (right) 
to the passage of Hurricane Irene (2011) along the US Atlantic coast (left). Salinity profiles are constructed from direct measurements 
in the Neuse River Estuary, North Carolina, before and after the storm. Data shown are from August 15, 2011 (A), hypothetical salinity 
values under well-mixed conditions (B), and August 30, 2011 (C).
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Paerl et al. 2018; Kennish 2019). Biogeochemical changes 
will affect organisms in bottom sediments as well as in the 
water column. Deoxygenated conditions in many coastal 
water bodies have been on the rise for decades concomitant 
with greater nutrient loading and ongoing climate change 
(Diaz and Rosenberg 2008; Diaz 2015; Kennish 2017; 
Breitburg et al. 2018). The structure and function of biotic 
communities in estuaries are affected by these changes, 
most notably those in the benthos. For example, altered 
nutrient recycling in bottom sediments can significantly 
affect primary production, particularly in shallow estuaries.

There are increasing challenges to determining changes 
in local and regional conditions affecting climate change 
forcing factors, and the physical, chemical, and biologi-
cal changes that occur in response to these factors. These 
challenges require more effective monitoring and model-
ing of climate change factors, as well as greater resolution 
of climate and impact predictions (Robins et al. 2016). 
Local changes in precipitation, occurrences of drought, and 
resulting shifts in freshwater flows in particular are difficult 
to predict and directly measure because of the spatial and 
temporal variability of forcing factors.

1.4  ANTHROPOGENIC  
NON-CLIMATIC DRIVERS

There are numerous anthropogenic non-climatic drivers 
of change in estuaries that interact with climate drivers to 
create more deleterious conditions than those attributed to 
climatic change alone. Many of these drivers are linked to 
human development and activities in coastal watersheds. 
Anthropogenic non-climatic drivers can be organized into 
12 major categories including: (1) habitat loss and altera-
tion (lagoon construction, shoreline hardening, and land 
reclamation); (2) watershed impervious cover; (3) enrich-
ment (nutrients, organic carbon, and thermal loading); (4) 
sewage and pathogenic inputs; (5) chemical contaminants; 
(6) human-induced sediment/particulate inputs; (7) dredg-
ing and dredged-material disposal; (8) human-altered 
hydrological regimes; (9) invasive/introduced species; (10) 
overfishing and intensive aquaculture; (11) coastal subsid-
ence; and (12) floatables/plastics/debris (Table 1.1) (see 
Chapter 5). These 12 major categories can be organized 
further into three broad classes. Class 1 drivers are those 
that degrade water quality and are primarily chemical and 
biological in nature (e.g., nutrient enrichment, organic 
and thermal loading, chemical contaminants, sediment/
particulate inputs, and pathogens). Class 2 drivers are 
those that impact habitat and are mainly physical factors 
(e.g., watershed impervious cover, shoreline hardening, 
lagoon construction, and land reclamation). Class 3 driv-
ers are those that alter biotic communities; they are linked 
to multiple drivers (e.g., overfishing, aquaculture, inva-
sive/introduced species, and human-altered hydrological 
regimes). Chapter 5 provides comprehensive coverage of 
these classes of drivers.

1.5  INTERACTIVE DRIVERS OF CHANGE

Estuaries are highly susceptible to human impacts because 
of dense human populations inhabiting upstream and proxi-
mate coastal watersheds and the multiple drivers originat-
ing in both terrestrial and coastal marine environments 
(Monbaliu et al. 2014). Notably, direct anthropogenic 
non-climatic factors – land-, estuarine-, and ocean-based 
impacts – rather than climate-related factors are the pri-
mary drivers of change in most estuaries often linked to 
overdevelopment, overexploitation of resources, freshwater 
diversions and upstream reservoir construction, chemical 
pollution, shoreline hardening, and habitat fragmentation 
or destruction (Kennish 2002, 2016, 2017, 2021, 2022). For 
example, the input of pollutants from industrial and domes-
tic sources (e.g., sewage and pathogens, fertilizers, metals, 
persistent organic pollutants, and plastics), freshwater diver-
sions, and hardening of shorelines have adversely affected 
estuaries, most greatly in urbanized areas. The introduc-
tion of invasive species is increasing in estuaries, and these 
species often outcompete and replace many endemic forms 
(Austin et al. 2010).

Storm surges and rising sea-levels linked to climate 
change are significant coastal drivers, causing salinization 
of estuarine waters and saline intrusion of coastal water-
sheds. These factors can significantly compromise repro-
ductive success, abundance, and distribution of estuarine 
organisms while concurrently impacting intertidal and sub-
tidal habitats via inundation and erosion. Based on a study 
of 96 estuaries, Prandle and Lane (2015) found that a sea-
level rise of 1 m increases saline intrusion length by >7% in 
deep estuaries and by >25% in estuaries <10 m deep.

More frequent extreme rainfall events associated with 
higher-intensity tropical cyclones and other major coastal 
storms driven by climate change increase freshwater runoff 
resulting in higher nutrient and sediment loads that impact 
estuarine organisms and habitats. Spatial and temporal 
variation in precipitation with climate change affect the 
rate, magnitude, timing, and quality of freshwater inputs to 
estuaries (James et al. 2013), altering thermal and/or salin-
ity stratification and biogeochemical processes. Changing 
rainfall patterns are amplified in estuaries in two principal 
ways: (1) more frequent extreme events and (2) altered spa-
tial and temporal trends.

The flux of freshwater inputs to estuaries and coastal 
marine waters can greatly shift sediment, nutrient and 
xenobiotic pollutant loading, salinity, and flushing, which 
will place greater stress on many estuarine organisms. The 
relationship between precipitation and river flow depends 
on watershed characteristics and anthropogenic activities 
as well (Robins et al. 2016). Higher sediment loads and 
turbidity increase shading effects on benthic communities, 
decreasing the productivity of submerged aquatic vegeta-
tion, coral reefs, and other vital habitats.

Shallow enclosed estuaries with poor flushing and pro-
tracted residence time are more vulnerable to eutrophica-
tion driven by human activities in watersheds and climate 
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change (Howarth et al. 2000, 2011; Scavia et al. 2002; Paerl 
et al. 2006; Kennish 2009, 2016). Eutrophication is coupled 
to an array of cascading environmental problems mani-
fested by a reduction in water quality and alteration of eco-
system structure and function (Kennish et al. 2007; Jordan 
et al. 2018). Higher inputs of nutrients and organic matter 
with increasing freshwater flow stimulate primary produc-
tion and occurrence of harmful algal blooms (HABs) (Paerl 
et al. 2018) and can cause a decrease in dissolved oxygen 
levels, biodiversity, essential habitat (e.g., seagrass and 
shellfish beds), harvestable fisheries and other ecosystem 
services, leading to imbalanced food webs and declining 
resilience (Howarth et al. 2011; Kennish and de Jonge 2011; 
Kennish et al. 2011). Estuaries are susceptible to eutro-
phication when primary production exceeds the demands 
of consumers (Anthony et al. 2009). Nutrient and organic 
matter inputs to estuaries have increased substantially since 
the 1970s, consistent with a greater incidence of bacterial 
degradation and eutrophication in these coastal ecosystems 
over the past several decades (Maavara et al. 2017; Fennel 
and Testa 2019). The co-occurrence of increasing climate 
change and eutrophication drivers also poses an escalating 
threat of oxygen depletion in coastal ocean waters outside 
of impacted estuaries, with the frequency and extent of 
oxygen-depleted dead zones projected to increase in these 
waters, threatening the viability of their biotic communities 
(Breitburg et al. 2018; Laurent et al. 2018).

Shallow estuaries and coastal lagoons are most suscep-
tible to changes in precipitation and freshwater inflow, sea-
level rise, sediment and nutrient influx, and energy input 
from waves, tides, and storms (Kennish et al. 2014). The 
balance between these forcing mechanisms influences 
estuarine hydrodynamics and morphology. Changes in 
local forcing conditions by anthropogenic climatic and 
non-climatic drivers will shift estuarine morphodynamics 
toward a new equilibrium which may fundamentally alter 
estuarine function (Prandle 2009). For example, a rising 
sea-level that is not balanced by local sediment supply can 
shift shallow tidal estuaries from flood to ebb dominance, 
thereby increasing coastal erosion and changing estuaries 
from nutrient sinks to nutrient sources along an aquatic 
continuum (Crosswell et al. 2020).

The most rapid hydrological changes occur when nat-
ural barriers are modified by intense storms and human 
development. Gupta et al. (2008) provide an example of 
where new inlet construction led to increased tidal energy, 
shifting a microtidal lagoonal estuary toward a more tide-
dominated system and influencing stratification, nutrient 
budgets, and system ecology. Rising sea-levels and increas-
ing flux of freshwater flow shift the salinity regime, position 
of turbidity maxima, and flushing times, which also affect 
estuarine biotic communities. Higher precipitation, runoff, 
river flows, nutrient loads, and organic matter inputs pro-
mote eutrophication and a greater incidence of HABs and 
hypoxia (Robins et al. 2016). Warming of estuarine waters 
due to climate change, most pronounced in temperate and 
high-latitude regions (Bindoff et al. 2019), reduces mixing, 

strengthens stratification of the water column, stimulates 
cyanobacterial bloom taxa that “like it hot” (Paerl and 
Huisman 2008, 2009), and increases bacterial respiration, 
as well as the occurrence of hypoxia (Hallett et al. 2018; 
Warwick et al. 2018).

Estuaries exhibit high biotic and habitat heterogene-
ity in response to variable environmental conditions and 
anthropogenic drivers. Estuarine and marine biotic com-
munities are shaped by multiple interactive drivers that 
elicit synergistic, antagonistic, or additive responses (Boyd 
and Hutchins 2012; Griffen et al. 2016; Gunderson et al. 
2016; Boyd et al. 2018). However, the interactive and cumu-
lative effects of multiple drivers on these communities are 
not well constrained, limiting their usefulness in predict-
ing the responses of communities and ecosystems to cli-
mate change (Boyd and Hutchins 2012; Breitburg et al. 
2018). More research is required, therefore, to effectively 
assess and predict multiple stressor effects on populations, 
communities, and habitats. Determination of higher-order 
interactions, while challenging, is important in predicting 
cumulative driver effects (Boyd et al. 2018).

The overall impact of interactive anthropogenic climatic 
and non-climatic drivers on estuarine and coastal marine 
ecosystems is increasing (Roessig et al. 2014; Kennish and 
Elliott 2011; Frid and Colwell 2018; Kennish 2019). For 
example, nutrient inputs and deoxygenation attributable in 
part to climate change–driven increases in precipitation and 
land runoff are leading to escalating estuarine and coastal 
eutrophication and hypoxia (Breitburg 2002; Breitburg et 
al. 2009, 2018; Howarth et al. 2011; Diaz 2015; Paerl et al. 
2018). Since 1950, global fertilizer use has increased 10-fold 
(Breitburg et al. 2018). Between 1970 and 2000 alone, nitro-
gen inputs to estuaries and other coastal waters increased 
by 43%, accounting for a significant decline in the water 
quality of many coastal waterbodies (Seitzinger et al. 2010).

Some investigators use the term “stressor” synony-
mously with “driver” (see Côté, et al. 2016). Breitburg 
et al. (1998, 2018) emphasize the importance of multiple 
stressor interactions on biotic communities and habitats. 
For example, they cite several studies indicating that as oxy-
gen concentrations in coastal and open ocean waters have 
decreased since at least the middle of the 20th century, their 
interactive effects with other stressors in these ecosystems 
have escalated (Diaz and Rosenberg 2008; Stramma et al. 
2008; Keeling et al. 2010). In estuarine and coastal marine 
waters, multiple stressors or drivers are responsible for the 
decline of oxygen levels, including increased loadings of 
nutrients (nitrogen and phosphorus) and organic matter 
from coastal watersheds, more specifically eutrophication 
effects primarily coupled to domestic fertilizer use, agri-
culture, livestock, sewage waste inputs, and the combus-
tion of fossil fuels from land-based sources. Greater inputs 
of nutrients stimulate algal growth and bloom formation 
in receiving coastal waters, thereby increasing biological 
oxygen demand. Deoxygenation of these waters occurs 
where biological oxygen consumption through microbial 
respiration exceeds oxygen supplied by air–sea fluxes, 
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physical transport, and photosynthesis (Breitburg et al. 
2018). These effects are exacerbated by rising temperatures 
due to climate change, which decreases oxygen solubility 
in water and increases oxygen consumption via respira-
tion. Deoxygenation of estuarine and coastal marine waters 
negatively impacts system productivity, biodiversity, and 
biogeochemical cycles. Hypoxia and anoxia are recurring 
phenomena in some estuaries due to enhanced production 
of organic matter, such as in Chesapeake Bay, where about 
30% of the estuarine area is impacted by deoxygenation 
from late spring to early fall (Breitburg et al. 2018).

In a synthesis of 171 studies of multiple stressors in coastal 
and marine ecosystems, Crain et al. (2008) determined that 
cumulative effects in individual studies were antagonistic 
(38%), synergistic (36%), and additive (26%), although the 
overall interaction across all studies was synergistic, indi-
cating that multiple stressor cumulative effects are often 
worse than expected based on single stressor impacts. The 
investigators also found that the interactive type varied by 
response level (i.e., population level vs. community level). 
Comprehensive studies of multiple stressor effects on estua-
rine ecosystems and their biotic communities are needed to 
inform management strategies that effectively address cli-
mate change impacts (Kennish 2021, 2022). Of particular 
note is the need for a greater understanding of the linkages 
and feedback among multiple environmental stressors. The 
ecological effect of one stressor in an estuary often depends 
on the magnitude of another, and the interactions of mul-
tiple stressors in these ecosystems can lead to non-additive 
synergistic or antagonistic outcomes (Griffen et al. 2016; 
Gunderson et al. 2016; Kroeker et al. 2017).

There is concern that direct anthropogenic activities 
interacting synergistically with climate drivers will exac-
erbate estuarine ecosystem impacts during the 21st century, 
although the patterns of anthropogenic non-climatic drivers 
can be difficult to predict (Robins et al. 2016). Joint influ-
ences of anthropogenic climatic and non-climatic drivers, 
which vary locally and regionally, affect estuaries through 
fluxes of temperature, freshwater flow, salinity, sediment 
delivery, water quality, and altered vegetated beds, as well 
as shifts in species composition, abundance, and distri-
bution (Kimmerer and Weaver 2013). Ongoing coastal 
development and infrastructure construction will increase 
land-use changes in coastal watersheds by converting natu-
ral habitat to impervious cover, altering hydrological and 
sediment delivery systems to estuaries (via dams, dikes, 
reservoirs, and freshwater diversions), and creating hard-
ened shorelines. In some areas, coastal development will 
act synergistically with rising sea-levels to accelerate the 
impacts of storms and other coastal hazards on developed 
communities and their infrastructure (Kennish 2016).

Water quality and habitats in many estuarine and coastal 
marine environments have been significantly affected by 
human activities (Kennish 1997; Kennish and Paerl 2010; 
Kennish and Elliott 2011; Kennish 2016). Loss of essen-
tial salt marsh, mangrove, and seagrass habitats removes 
important buffers against storm effects, sea-level rise, 

and erosion. Areal loss of these habitats has been primar-
ily ascribed to anthropogenic non-climatic drivers, such 
as freshwater diversions, diking, ditching, land reclama-
tion, agriculture, coastal development, and water quality 
changes (Adam 2002, 2019; Kroeger et al. 2017; Li et al. 
2018). However, climatic drivers are having an increasing 
impact on wetlands habitat loss as well, notably tempera-
ture increases and sea-level rise. Salinization of wetlands 
habitat is also coupled with climate change (Wong et al. 
2014). Total areal reduction of coastal wetlands habitat has 
been substantial over the years, with 50% of salt marshes, 
35% of mangroves, and 29% of seagrasses being lost or 
degraded worldwide (Barbier et al. 2011). The effects have 
been most acute in human-dominated estuarine ecosystems, 
which have also experienced an increasing reduction of bio-
diversity (Worm et al. 2006). In addition, vital ecosystem 
services have decreased concurrently, notably the number 
of viable fisheries (37% decline), provision of nursery habi-
tats such as oyster reefs and wetlands (69% decline), and 
filtering and detoxification services of suspension feeders, 
submerged aquatic vegetation, and wetlands (63% decline) 
(Worm et al. 2006; Barbier et al. 2011). Depending on the 
level of CO2 emissions, additional coastal wetland losses of 
20–90% are projected by 2100 (Bindoff et al. 2019).

Ocean acidification linked to climate change is an 
emerging crisis. Increasing atmospheric CO2 and the uptake 
of CO2 in the sea have led to a decrease in pH as carbonic 
acid increases. An important climate change indicator, pH 
is a dimensionless measure of acidity in the ocean. While 
the decrease in ocean pH has amounted to 0.1 units since 
1850, models predict a decline of an additional 0.3–0.4 
units by 2100 under a scenario of moderate levels of CO2 
emissions (Frid and Caswell 2017). A decrease of 0.1 units 
on the logarithmic pH scale translates into a ~30% increase 
in hydrogen ion concentration; thus, while the absolute 
decline of pH may seem slight, the ecological ramifications 
can be substantial. For example, the resulting acidification 
of ocean waters reduces the amount of bioavailable carbon-
ate needed for organism skeletal growth.

Higher acidity leads to the dissolution of biogenic cal-
cium carbonate and the decrease in the capacity (or increase 
in the energy requirements) of shell-bearing marine organ-
isms to build shells. Acidification exacerbates the impact of 
coral bleaching by increasing the energy requirement for 
recovery, a process responsible for a significant decline in 
the abundance of coral, which will increase with rising sea-
water temperatures projected through the 21st century. The 
greatest biotic impact of acidification is currently the dam-
age to coral reefs and shellfish beds that form important 
habitats for biotic communities. Furthermore, the repro-
duction and larval development of these organisms can 
be impaired or inhibited. Reduction in shellfish resources 
could be detrimental to natural shellfisheries and aquacul-
ture operations (Barton et al. 2015).

The pH of estuarine waters is more spatially and tem-
porally variable than that of open ocean waters, and it 
can alter water quality and biotic productivity. Increasing 
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atmospheric CO2 levels have only a limited impact on the 
pH of estuaries, whereas other environmental drivers, such 
as freshwater inputs and deoxygenation, are frequently 
more significant. Su et al. (2020) show that spatial decou-
pling of carbonate cycling between connected habitats in 
Chesapeake Bay acts as a buffer for ocean acidification. 
The efflux of CO2 is decreasing with the increase of atmo-
spheric CO2 (Wong et al. 2014). There is no evidence that 
acidification is taking place in estuaries to any great extent 
(see Baumann and Smith 2017), in part due to the offsetting 
effects of eutrophication.

Global sea-level rise is increasing seawater intrusion 
and salinization of estuarine waters, as well as inundation, 
flooding, land erosion, and wetlands habitat degradation 
often worsened by interactive anthropogenic non-climatic 
disturbances (Bindoff et al. 2019). Modulated salinity 
regimes coupled with seawater intrusion and salinization 
promote upestuary movement of brackish and marine ben-
thic and pelagic communities that can significantly alter 
species abundance and diversity (Robins et al. 2016; Hallett 
et al. 2018; Addino et al. 2019; Elliott et al. 2019). Warming 
temperatures, sea-level rise, and droughts accelerate estua-
rine salinization.

With increasing sea-level rise across a range of cli-
mate scenarios (RCP2.6 to RCP8.5) in the 21st century, 
salt marshes and mangroves will have limited capacity 
to expand laterally and build vertically, depending on 
tidal characteristics, sediment availability, organic matter 
accumulation, salinization, and temperature levels affect-
ing their productivity (Bindoff et al. 2019). Vertical accre-
tion of salt marshes and mangroves depends on sediment 
accumulation and organic matter buildup. Delivery of clay, 
silt, and sand by tidal action and storms and the buildup 
of roots, rhizomes, and other sources of organic matter 
are critical to the successful accretion of the salt marsh 
platform. Upland lateral expansion by coastal marshes 
in response to rising sea-levels and inundation, in turn, 
depends on the successful transgression of the marshes. 
Upland migration will be constrained by coastal develop-
ment and infrastructure (i.e., houses, roadways, and other 
structural features), causing coastal squeeze and subse-
quent drowning of the marshes by rising sea-levels and 
flooding estuarine waters. Salt marsh submergence is pro-
jected to eliminate 40–95% of New England salt marshes 
by 2100 (Valiela et al. 2018).

Coastal wetlands are known as blue carbon ecosystems 
because they are important agents in carbon sequestration. 
As such, they serve as vectors in climate change impact 
mitigation. Vegetated coastal ecosystems account for 
almost 50% of the total carbon burial in marine sediments, 
even though they occupy only <2% of the total ocean area 
(Duarte et al. 2005). The loss of coastal wetland habitats 
decreases its effectiveness in climate change impact mitiga-
tion and adaptation. Moreover, the destruction of coastal 
wetlands re-releases CO2 from carbon pools in marsh soils 
to the atmosphere, adding to the atmospheric CO2 pool 
(Pendleton et al. 2012; Windom-Myers et al. 2019).

Seagrasses are under increasing threat from human 
activities. Orth et al. (2006) linked multiple anthropogenic 
drivers to seagrass declines around the world, including 
sediment and nutrient runoff, physical disturbance, invasive 
species, disease, commercial fishing practices, aquaculture, 
overgrazing, algal blooms, and rising temperatures due to 
climate change. They noted that the scale of seagrass decline 
ranges from square meters to hundreds of square kilome-
ters. Significant decreases of Zostera marina (eelgrass) are 
occurring locally in some temperate estuaries as a result 
of higher mean water temperatures exceeding its threshold 
of thermal tolerance. Eutrophication and high turbidity are 
two other factors causing declines in abundance and dis-
tribution of Z. marina in temperate estuaries (Larkum et 
al. 2006; Orth et al. 2006; Kennish and Fertig 2012; Fertig 
et al. 2014; Kennish et al. 2016), as are increasing stormi-
ness and winds (Bjork et al. 2008). Temperature is also 
a major factor limiting the range expansion of Z. marina 
(Hoegh-Guldberg et al. 2018). It is likely that the range of 
Z. marina and other seagrass species will expand poleward 
with increasing temperatures during the 21st century, while 
their southern boundaries will likewise shift northward as 
well. Concerns about the decreasing abundance of seagrass 
species and shifts in their geographic distribution have led 
to greater management efforts to monitor, restore, and pro-
tect them (Larkum et al. 2006; Orth et al. 2006).

Over the past half-century, the range of tropical man-
groves has similarly shifted poleward due to increasing 
temperatures, encroaching into subtropical salt marshes 
(Saintilan et al. 2019). Poleward shifts in the distribution 
of kelps are also predicted this century (Wong et al. 2014). 
Interactive and cumulative effects of nutrient enrichment 
and other anthropogenic non-climatic drivers are increas-
ing changes in the distribution, structure, and function 
of mangroves and kelps in areas within their geographic 
ranges.

Bioclimatic ecological models indicate significant geo-
graphic shifts in marine taxa before 2050. Climate-driven 
biotic invasions are altering the structure of estuarine 
biotic communities through species extinctions and com-
petition. Non-native invasive species are a particular con-
cern because they can readily outcompete resident fauna 
and flora, especially in those systems already stressed by 
pollution and other human vectors, hastening local spe-
cies extinctions. Global patterns of marine biodiversity 
projected out to 2050 reveal high numbers of local species 
extinctions expected in subpolar regions, the equator, and in 
enclosed water masses. In addition, biomodels also predict 
60% species turnover by 2050 as biogeographic range shifts 
increase with the opening of Arctic corridors due to sea-ice 
melting, fostering the exchange of Atlantic and Pacific taxa 
(Frid and Caswell 2017). As biotic community structure 
changes due to species shifts and extinctions, ecosystem 
services in affected water bodies will change as well. For 
example, climate-driven losses of recreationally and com-
mercially important finfish and shellfish will impact the 
economy of local coastal communities.
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In conclusion, it is necessary to assess both anthropo-
genic climatic and non-climatic drivers of change in estuar-
ies to characterize overall impacts. This is so because of 
the potential synergistic interaction of these drivers, which 
exacerbate natural forcing factors that impact these coastal 
ecosystems. As noted above, it is often difficult to separate 
out the impacts of anthropogenic climatic and non-climatic 
drivers, thereby confounding efforts to accurately assess 
the impacts and to effectively develop management strate-
gies for their resolution. Thus, individual estuaries must be 
thoroughly investigated as climate change impacts increase 
through time to understand more clearly habitat and biotic 
community responses and the mitigation and resilience 
efforts necessary to restore and sustain them (Kennish 
2021, 2022).

1.6  ECOLOGICAL IMPACTS OF 
CLIMATE CHANGE

Continued warming of estuaries, increasing storm inten-
sity, and variable precipitation and system hydrology (e.g., 
vertical stratification, mixing, currents, and tidal ranges) 
during the 21st century due to climate change will greatly 
affect organism abundance, distribution, diversity, repro-
duction, phenology, and production, thereby altering biotic 
community structure and function. Greater hydrological 
complexity will occur with increasing flux of freshwa-
ter discharges interacting with tidal currents and variable 
winds. Increasing freshwater, nutrient, and organic matter 
inputs will stimulate primary production and occurrence 
of algal blooms, contributing to deoxygenation and eutro-
phication of estuarine water bodies. A notable response of 
estuarine and marine organisms to rising temperatures will 
be an increase in species range shifts as the temperatures 
approach or exceed species’ thermal tolerances. Estuarine 
species will increasingly shift to waters with more favor-
able environmental conditions.

Many marine organisms are currently exhibiting a pole-
ward expansion of their geographic ranges with rising tem-
peratures (Beaugrand and Reid 2003; Parmesan and Yohe 
2003; Bianchi and Allison 2009; Pinsky and Fogarty 2012; 
Pinsky et al. 2013, 2019; Poloczansak et al. 2013; Frid and 
Caswell 2017). Poleward migration of subtropical and tropi-
cal organisms between estuaries has been well documented 
(Hallett et al. 2018). As their distributions shift poleward 
in response to warming marine waters, many species are 
accessing and utilizing different estuarine systems, alter-
ing migration patterns, reproduction, seasonal activities, and 
species interactions. These changes, consistent with the pole-
ward migration of oceanic biota, are affecting the species 
composition and biodiversity of estuarine and coastal marine 
ecosystems. Shifting range limits may be most conspicu-
ous for planktonic and nektonic species, but is also evident 
among benthic fauna and flora, including those in vegetated 
coastal habitats. For example, Helmuth et al. (2006) docu-
mented shifting range limits for intertidal species of up to 50 
km per decade in the North Atlantic and North Pacific.

Fujii (2012) indicated that the ecological effects of cli-
mate change can be particularly acute on the high stocks 
of macrobenthic invertebrates inhabiting extensive areas of 
bare intertidal mudflats and sandflats characterizing many 
European estuaries. Rising temperatures affect the behavior 
of benthic organisms, as well as their reproduction, growth, 
and survivorship. Altered environmental cues due to cli-
mate change affect spawning and larval dynamics, such as 
the duration of planktonic larval stages, time of settlement, 
and metamorphosis, which impact recruitment in the ben-
thos. Aside from the direct effects of warming temperatures 
on intertidal benthic communities, shifts in sediment sup-
ply, composition, and grain size mediated by climatic driv-
ers impact benthic communities in these highly productive 
habitats. Marked changes in abundance and distribution of 
benthic forage species in response to climate change also 
impact fish, shorebirds, and other consumer species that 
depend on these organisms as a source of food (McLusky 
and Elliott 2004). The abundance, distribution, and diver-
sity of intertidal benthic organisms in soft sediments and 
on rocky shores continue to change globally with ongoing 
warming conditions (Wong et al. 2014).

The distribution of commercially and recreationally 
important species is changing with rising temperatures 
as well. For example, the heat-intolerant winter flounder 
(Pleuronectes americanus), a recreationally important fish 
which occurs in coastal waters of the western north Atlantic, 
is now found in greater numbers in estuaries north of New 
Jersey (USA) as the species shifts progressively northward 
in response to regional warming conditions. Similarly, the 
southern boundary of the heat-intolerant surf clam (Spisula 
solidissima), a commercially important shellfish species, 
has shifted northward along the Mid-Atlantic coast of the 
USA (Kennedy et al. 2002).

Changing temperature regimes are causing an eco-
nomic impact on fisheries and aquaculture in estuaries 
(Weatherdon et al. 2016). Recreational and commercial 
fishery yields are affected by the shifting geographic dis-
tribution of fish species in response to the increasing ocean 
and estuarine temperatures, particularly evident with the 
poleward expansion of temperate species. Predator and prey 
species are also shifting geographically with increasing cli-
mate change. A similar geographic shift of shellfish species 
is evident as well, albeit at more variable rates. There is a 
significant decline in the abundance of fish species in some 
estuaries and a significant increase in others depending on 
the location of the water body, the local climate conditions, 
and the thermal preferences of the species. Growth rates of 
some fish species are decreasing as well. Frid and Caswell 
(2017) noted that models predict a 20% reduction in the 
body size of fish by 2050 under high-emission CO2 scenar-
ios and deoxygenated conditions. Effective assessment of 
these changes requires careful tracking of fish species dis-
tributions and the effects that shifting species ranges have 
on recreational and commercial fisheries.

Increasing nutrient inputs and eutrophication linked to 
climate change are leading to more intense and long-lasting 
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algal blooms and hypoxia, threatening water quality and 
the sustainability of balanced indigenous biotic communi-
ties (Paerl and Huisman 2009; Howarth et al. 2011; Paerl 
et al. 2011; Paerl and Paul 2012; Havens and Paerl 2015; 
Kennish 2016; Paerl 2017). More non-native species inva-
sions are occurring in estuaries with the warming of cli-
mate systems, which could significantly alter the structure 
of endemic biotic communities. The frequency of such 
species invasions is greater in estuarine systems already 
stressed by pollution and other direct anthropogenic driv-
ers of change (Frid and Caswell 2017). Essential estuarine 
habitats, such as salt marshes, mangroves, and seagrasses, 
are also impacted by non-native species invasions, which 
could result in fundamental changes in the biotic structure 
of these ecosystems.

The abundance of microbial pathogens increases at 
higher estuarine water temperatures (Robins et al. 2016). 
Elevated pathogenic microorganism concentrations (bac-
teria, viruses, protozoa, and helminths) pose significant 
human health risks, with declining water quality closely 
coupled to intensifying enteric pathogens. Humans swim-
ming in contaminated estuarine waters or consuming 
contaminated seafood products are at greater risk of debili-
tating diseases, such as typhoid, dysentery, and hepatitis. 
Food provisioning and tourism can also be compromised as 
a result. Since 1980, pathogenic organisms have increased 
in coastal waters with rising water temperatures, deoxygen-
ation, and eutrophication (Bindoff et al. 2019). The interac-
tion of climatic and non-climatic anthropogenic drivers is 
exacerbating these water quality impacts.

Greater vertical stratification in estuaries due to 
increased freshwater runoff and higher water temperatures 
inhibit vertical mixing and reduce water column nutrient 
distributions, thereby affecting primary production, algal 
bloom formation, dissolved oxygen concentrations, and 
nutrient cycling. Changing circulation modulates larval 
dispersal. The distribution of juvenile fauna is also affected 
(Newton 2008).

Changes in temperature, salinity, dissolved oxygen, and 
nutrient levels in estuaries can lead to major changes in 
biogeochemical processes, primary production, and biotic 
community structure and function. Seasonal duration of 
phytoplankton and benthic algal primary production may 
be protracted by temperature increases in estuarine ecosys-
tems (Cloern and Jassby 2008). Eutrophic and deoxygenated 
conditions cause significant stress on biotic communities, 
the loss of biomass, and occasionally mass mortality of 
organisms in these water bodies (Kennish 2016, 2017; Frid 
and Caswell 2017). Eutrophication, coupled with accelerat-
ing nutrient and organic matter delivery to coastal areas, 
is an escalating problem in many regions (Kennish 2016, 
2017). In some cases, essential habitat (e.g., seagrass) has 
been severely degraded or lost, not only because of greater 
nutrient loads but also because of rising temperatures that 
delimit spatial distribution, especially at species range 
boundaries where water temperatures approach species 
thermal tolerance limits (Larkum et al. 2006; Orth et al. 

2006). Many estuarine and marine organisms are greatly 
stressed at their range boundaries (James et al. 2013).

Increasing atmospheric and oceanic temperatures pro-
jected for the 21st century will facilitate the occurrence 
of higher-intensity tropical cyclones. These storms will be 
particularly detrimental to shallow estuarine and coastal 
habitats, with storm surges inundating and damaging estua-
rine shorelines and adjoining salt marsh and mangrove hab-
itats. In addition, seagrass beds will be impacted by erosion 
and sediment burial during the passage of these storms. 
The dramatic impacts of tropical cyclones on estuarine 
and coastal environments have been well-chronicled in the 
recent scientific literature (Paerl et al. 2018, 2019).

Rising sea-levels this century will gradually shift saline 
intrusion and turbidity maxima landward in estuaries 
resulting in an array of biotic responses. Higher-intensity 
storms linked to climate change will roil bottom sediments, 
increase suspended solids, and attenuate light transmis-
sion in the water column, thereby adversely affecting ben-
thic algal and seagrass populations, albeit ephemerally. In 
addition, the reproductive success of estuarine biota will be 
affected, leading to decreased abundance of many species 
(Robins et al. 2016). Depending on salinity tolerances, spe-
cies will shift distribution in estuaries, with marine forms 
adapting to higher salinity conditions farther upestuary.

Increasing sea-level, inundation, and loss of habitat 
threaten the sustainability of coastal wetlands that serve 
as important feeding, reproduction, and nursery grounds 
for estuarine and marine organisms, many of recreational 
and commercial importance, and that act as effective fil-
ters of nutrients, chemical contaminants, microbial agents, 
and other substances. Extreme weather events linked to 
climate change alter sediment deposition-erosion balance 
and hasten the submergence of low-lying wetlands habitat. 
The loss of this habitat adversely affects biotic communities 
in estuarine open waters as well. Where coastal marshes 
are precluded from migrating landward in the face of rising 
sea-levels due to coastal development, roadways, and other 
human structures, they will be eventually drowned and lost 
due to coastal squeeze.

In unobstructed areas, coastal wetlands have the capac-
ity to migrate landward with rising sea-levels and inunda-
tion, maintaining their viability. The Bruun Rule indicates 
that in these areas the coastal shoreline will migrate land-
ward about 100 times the vertical sea-level rise (Bruun 
1962, 1988). Numerical inundation models, habitat sustain-
ability models (e.g., Sea-Level Affecting Marshes Model 
– SLAMM and Marsh Equivalent Model – MEM), and 
ecological landscape simulation models are being applied 
to assess and predict coastal wetland habitat loss and con-
version due to sea-level rise and inundation.

Increasing inputs of CO2 in coastal wetlands due to 
climate change appears to increase the production of salt 
marshes, mangroves, and seagrasses due to a fertilization 
effect of CO2 and greater photosynthesis (Wu et al. 2008; 
Hendricks et al. 2010; McKee et al. 2012; Wong et al. 2014). 
However, this increasing production does not effectively 
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compensate for the magnitude of coastal wetland habitat 
loss due to climate change–driven sea-level rise, inunda-
tion, and submergence, which also directly impact numer-
ous organisms inhabiting these valuable environments. In 
contrast, rising CO2 levels and declining pH in the sea are 
significantly impacting biotic resources via acidification, 
particularly the loss of shell-bearing organisms.

Beaches, dunes, and barriers are under increasing threat 
of sea-level rise and erosion because these low-lying land-
forms are highly susceptible to storm surges, wave impacts, 
and erosion. Enríquez et al. (2019) concluded that sea-level 
rise is the major driver of the projected impacts on beach-
dune habitats that will lead to a ∼25% increase in the sedi-
ment volume eroded by the end of the century due to storm 
waves. Thus, it will become increasingly more difficult for 
these landforms to maintain their position with ongoing 
climate change through the 21st century. The loss of the 
beach-dune area would have a significant impact on nesting 
birds and other fauna (Burger and Gochfeld 2016).

1.7  MANAGEMENT STRATEGIES

Mitigation and adaptation plans are being developed and 
implemented to address major climate change impacts on 
estuaries and coastal marine ecosystems. While model-
ing indicates that sea-level rise and inundation will have 
a marked impact on coastal ecosystems during the 21st 
century, mitigation measures would greatly limit the 
adverse effects. The long-term goal is to improve the sus-
tainability and resilience of coastal environments that are 
subject to increasing threats from climate change. Many 
management strategies are focusing on the sustainability 
of coastal wetlands. Salt marshes, mangroves, and sea-
grasses are under increasing impacts of climate change 
and an array of direct anthropogenic drivers (Orth et al. 
2006; Saintilan et al. 2014; Valiela et al. 2018). About 
25–50% of these habitats have been lost worldwide due to 
these major drivers (Barbier et al. 2011; Duarte et al. 2013; 
Kirwan and Megonigal 2013).

Salt marsh, mangrove, and seagrass systems, as well as 
macroalgae, store nearly 50% of the total organic carbon 
buried in marine sediments (Duarte et al. 2013). Hence, 
protecting and conserving these estuarine vegetated habi-
tats are vital for preserving the services they provide as 
sinks for blue carbon capture and mitigation of climate 
change effects (Emmett-Mattox and Simpson 2019). To 
this end, ecological engineering is gaining favor as a via-
ble method of facilitating coastal adaptation, while con-
currently increasing ecosystem connectivity. Ecological 
engineering is an integrative approach that uses combined 
adaptive strategies to protect against habitat degradation 
and loss. For example, the planting of salt marsh grasses 
behind living shorelines with offshore oyster reefs acting 
as submerged breakwaters provide positive interaction 
that generates synergies to enhance habitat restoration 
and ecosystem recovery (Cheong et al. 2013). Living 

shorelines use natural habitat elements to protect shore-
lines and thereby improve the adaptation of wetlands 
and other coastal habitats. They serve as a viable climate 
adaptation strategy to conserve coastal resilience in recov-
erable areas (Bilkovic et al. 2019). Deteriorating condi-
tions of coastal wetlands are leading to more aggressive 
management intervention programs that include restora-
tion initiatives to promote wetlands creation and enhance 
coastal vegetated habitat. While ecological engineering 
approaches for wetlands creation are deemed to be less 
costly than traditional coastal engineering approaches to 
protect shoreline areas from inundation, coastal manag-
ers still often select hard adaptation options and on-land 
mitigation measures, such as bulkheads, flood walls, rock 
revetments, and levees. These structures typically destroy 
the connectivity of estuarine and coastal environments 
and seriously alter ecosystem function.

Thin-layer sediment placement (also termed thin-layer 
sediment application, thin-layer sediment deposition, or 
thin-layer sediment nourishment) on coastal marsh sur-
faces is a preferred method used to restore and maintain 
marsh elevation in subsiding marsh systems impacted by 
rising sea-levels and/or sediment deficiency. To enhance 
marsh vertical accretion, high-pressure spray dredging 
has been used to deliver thin-layer placement of dredged 
material on marsh surfaces to increase elevation. The thick-
ness of the sprayed layer of sediment (usually amounting 
to ~1–10 cm) must be thin enough to ensure the survival 
of salt marsh vegetation. A thick layer of applied sediment 
can significantly reduce plant survival. In addition, efforts 
must stabilize the targeted area via vegetative colonization 
to avoid erosion of the recently deposited sediment (Forda 
et al. 1999). High-pressure sediment spraying on marsh 
surfaces is generally limited to an area within ~100 m of 
spray equipment located at a water body source. A recent 
innovative approach to enhance vertical accretion of marsh 
surfaces involves the semi-continuous supply of mud to a 
shallow tidal channel habitat, with natural processes (tidal 
action) then dispersing the sediment to nearby marsh sur-
faces and intertidal flats where it accumulates (Baptist et 
al. 2019).

1.8  CONCLUSIONS

Climate change is having an increasing impact on estuarine 
and coastal marine environments worldwide. The upper 
ocean is a major sink for heat generated on earth via green-
house gas emissions (mainly CO2), with sea surface tem-
peratures increasing by ~1°C since 1900. The heat content 
of the world’s oceans has increased most significantly in the 
upper 2000–3000 m. From the 1950s to the 1980s, water 
temperatures in the Southern Ocean increased by 0.17°C at 
mid-depths (700–1100 m) as reported by Scripps Institution 
of Oceanography in 2002. Between 1955 and 1995, water 
temperatures for the combined Atlantic, Pacific, and Indian 
Oceans increased by 0.06°C in the upper 3000 m and 
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0.31°C in the upper 300 m as reported by NOAA in 2000. 
Increasing water temperatures have significant implications 
for biological, chemical, and physical processes in estua-
rine and coastal marine ecosystems.

Climate change affects estuaries in a myriad of ways, most 
notably by increasing water temperature, sea-level, tropical 
cyclone intensity, storm surge, precipitation, and freshwater 
flux, as well as by altering salinity levels, modulating biogeo-
chemical and circulation processes, and accelerating shoreline 
erosion. Warming ocean waters, changing density, shifting 
currents and water masses, and other factors coupled with cli-
mate change are altering the abundance, distribution, diversity, 
reproduction, phenology, species interactions, and food web 
dynamics of estuarine and coastal marine biotic communi-
ties. Climate change–driven biotic invasions and extinctions 
are on the rise. Fishery yields are declining in some regions. 
Rising sea-levels mainly attributable to the thermal expansion 
of the oceans and melting of ice sheets are responsible for the 
increasing loss of essential coastal habitat (e.g., salt marshes, 
seagrasses, and mangroves) and an array of diminishing eco-
system services to coastal communities. For example, global 
mean sea-level rise, amounting to 0.15–0.25 m between 1901 
and 2018 and projected to be up to 0.5 m by 2050, is reduc-
ing the resilience and sustainability of many coastal wetlands 
and other essential estuarine and coastal marine habitats that 
provide a protective buffer for natural and developed commu-
nities from extreme weather events, inundation, and flooding. 
Greater precipitation and nutrient inputs to estuaries in some 
regions due to climate change are increasing eutrophication, 
coastal hypoxia, and acidification.

There are numerous anthropogenic non-climatic drivers 
of change in estuaries that can interact synergistically with 
climatic drivers to create more hazardous conditions than 
those attributed to climate change alone. Many of these 
non-climatic drivers of change are linked to human devel-
opment and activities in coastal watersheds. Anthropogenic 
non-climatic drivers can be organized into 12 major cat-
egories including: (1) habitat loss and alteration (lagoon 
construction, shoreline hardening, and land reclamation); 
(2) watershed impervious cover; (3) enrichment (nutri-
ents, organic carbon, and thermal loading); (4) sewage and 
pathogenic inputs; (5) chemical contaminants; (6) human-
induced sediment/particulate inputs; (7) dredging and 
dredged-material disposal; (8) human-altered hydrological 
regimes; (9) invasive/introduced species; (10) overfishing 
and intensive aquaculture; (11) coastal subsidence; and (12) 
floatables/plastics/debris.

The sustainability of coastal wetlands and other essen-
tial estuarine and coastal marine habitats is increasingly 
threatened by climate change. About 25–50% of these habi-
tats have been lost worldwide due to these major drivers 
of change. The deterioration of coastal wetlands is a major 
concern because they serve as important spawning, nurs-
ery, and feeding grounds for numerous organisms, includ-
ing recreationally and commercially important estuarine 
and marine species. In addition, they filter contaminants 

derived from land areas, store large concentrations of car-
bon, and provide a protective buffer for upland coastal 
communities against rising sea-levels, storm surges, wave 
action, erosion, inundation, and flooding.

Sea-level rise also increases the steepness of rocky inter-
tidal habitats, causing a substantial loss of the habitat area 
and potential loss of biodiversity, species interactions, and 
ecological function. To effectively characterize overall 
impacts, it is necessary to assess both anthropogenic cli-
matic and non-climatic drivers of change in a given estuary. 
These drivers may interact synergistically, antagonistically, 
or additively to cause significant ecological change.

Continued warming of estuarine water bodies, increas-
ing storm intensity, variable precipitation, and altered sys-
tem hydrology will exacerbate impacts on estuarine biotic 
community structure and function. Local changes in pre-
cipitation and resulting shifts in freshwater flows are diffi-
cult to predict because of temporal and spatial variability in 
forcing factors and morphodynamic differences in estuar-
ies. For example, it is difficult to project regional and local 
precipitation changes, the magnitude and frequency of trop-
ical cyclones and coastal storms, and the location of major 
storm surge events with fluxes in climate change. More data 
must be analyzed on precipitation and freshwater runoff at 
local and regional scales.

Shifting geographic distribution of organisms, species 
invasions, greater pathogen activity, and altered hydrology 
will affect recreational and commercial fisheries and pose 
an increasing threat to human health. Changing estuarine 
ecosystem conditions could impact coastal tourism as well. 
More accurate quantification and prediction of estuarine 
ecosystem impacts due to climate change are needed to 
improve understanding of the factors responsible for the 
ecosystem changes and to develop effective management 
responses.

Management strategies are being formulated to increase 
the sustainability of estuarine and coastal marine environ-
ments in the face of climate change. A major goal is to 
increase the resilience of natural and built communities to 
rising sea-levels and coastal storms. In addition, improved 
monitoring, modeling, and adaptive management are 
needed. A concerted effort is necessary from multiple sec-
tors of society to successfully implement the adaptation and 
resilience measures necessary to improve the conditions of 
coastal communities impacted by climate change.
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