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OPEN ACCESS 

ABSTRACT 

The sheltered environments of coastal embayments have played a vital role for humans for millennia 
and their resources have underpinned modern industrial development globally. Their effective 
management and restoration remains an enormous challenge, owing, in part, to lack of 
recognition of the threshold changes that occurred in many bays prior to scientific study (i.e. 
>50 years ago). Advances in marine extraction technologies and increased clearing of
catchments for agriculture and urbanisation in recent history (~400 years) have resulted in
profound physical, chemical and biological changes to these ecosystems. More recently, the
integration of ecology, history, archaeology, economics and fisheries science have contributed to
the emerging field of ‘marine historical ecology’ (MHE). The synthesis of information from these
different disciplines can markedly improve knowledge of past ecosystem condition, thereby
assisting managers to set realistic goals for environmental restoration to improve biodiversity
and ecosystem function. This paper reviews historical knowledge of long-term environmental
degradation processes in coastal embayments, summarising the wide range of methods and
techniques used as evidence and providing examples from around the world, thereby illustrating
the need for longer time-frames of reference for contemporary restoration ecology.

Keywords: coastal ecosystems, coastal management, ecosystem management, ecosystem services, 
large embayments, large marine ecosystems, marine historical ecology, marine conservation. 

Introduction 

Historical ecology focuses on describing past processes or patterns and integrating them 
into contemporary understanding of ecosystem function, so as to understand the 
dynamic nature of an ecosystem. Originally, the focus was on terrestrial ecosystems 
where human-induced impacts were reducing productivity or biodiversity, making 
ecosystem change conspicuous and easily recognisable (Swetnam et al. 1999; Lotze and 
Worm 2009; Szabó 2015). By contrast, marine ecosystems have been thought of as a 
cornucopia of abundant resources, as the last of the ‘commons’ where marine organisms 
were abundant and harvests were always plentiful, largely ignoring the environmental 
history of marine ecosystems (Hardin 1968; Bolster 2008; Pinnegar and Engelhard 
2008). Although humans have exploited marine ecosystems for millennia, investigation 
of their historical ecology has taken place only recently (mostly in the 21st century: 
Jackson 2001; Jackson et al. 2001; Lotze and Worm 2009; Bolster 2012). The paucity of 
historical information on marine ecosystems may have occurred because land 
degradation is more visible (because humans are essentially terrestrial), together with 
past logistical limitations to studying marine environments (Pitcher 2001; Bolster 2012; 
Meadows et al. 2012). Until the introduction of new technologies in the late 20th 
century (Table 1), a lack of data had prevented reliable prediction of the distribution 
and condition of marine habitat, especially at large spatial scales (Auster et al. 2001; 
Lauer and Aswani 2010; Zu Ermgassen et al. 2012; Anderson et al. 2014). Even with 
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Table 1. Historical data sources, their applicable tools and associated variables that are useful in determining retrospective ecological baseline information for semi-enclosed marine 
coastal embayments. 

Historical Tools Variables Estimated Example references 
data sources temporal scales 

(years before 
present) 

Ocean 
observations 

� In situ 
measurements 

Physical – tides, currents, sea level, circulation, temperature, wave 
measurements, density, turbidity, irradiance, water velocity, 

<100 Auster et al. (2001); Ames (2004); Lauer and Aswani (2010); Hall 
et al. (2011); Zu Ermgassen et al. (2012); Anderson et al. (2014); Van 

� Satellite imagery 
� Remote sensing 

bathymetric mapping, habitat mapping. 
Chemical – salinity, carbon dioxide, carbon dioxide, conductivity, 

der Merwe and Price (2015). 

� Global 
information systems 
(GIS) 

nutrients, methane, oxygen. 
Biological – chlorophyll, phytoplankton, biomass estimation. 

� Sonar 
� Light Detection 
and ranging (LIDAR) 
� Radio detection 
and ranging 
(RADAR) 
� Hydro acoustics 

Atmospheric � In situ Air temperature, precipitation, evaporation, wind speed and <100 Masel and Smallwood (2000); Pershing et al. (2012). 
observations observations direction, air pressure. 

� Remote sensing 

Stratigraphy � Sediment cores 
� Sediment samples 

Seasonal or longer term changes in palaeoclimates. Correlation in 
time of fossil evidence within rock layers can provide strong evidence 
of speciation and extinction of species. Some variables (TOC) have 

>1000 Baumgartner et al. (1992); Colman et al. (2002); Kemp et al. (2005); 
Morelli et al. (2012); Anderson et al. (2014); Cramer et al. (2015); 
Self-Trail et al. (2017). 

not proved reliable indicators of past conditions, whereas others 
(biogenic carbonate radiocarbon, stable isotopes of C (mollusc, 
foraminifera ostracod shells, dinoflagellate, diatom frustules); depth of 
sediment bands) have been successfully used to indicate 
environmental conditions (e.g. sediment accumulation rates) and 
dates. 

Radiocarbon 
dating 

� Radiocarbon 14C Determines the age of an object containing organic matter using a 
radioactive isotope of carbon. 

≤10 000 Colman et al. (2002); Kemp et al. (2005); Cramer et al. (2015); Rick 
et al. (2016); Self-Trail et al. (2017). 

Genetics � DNA analysis Historical population size from mitochondrial DNA sequences, <100 Roman and Palumbi (2003). [Pitcher 2001; Pinnegar and Engelhard 
trends relating to genetic diversity within populations of species – 2008; Lotze and Worm 2009] 
genotypes. 

Fossils � Marine organisms Temporal trends of species presence or absence, temporal >10 000 Cramer et al. (2015); Rick et al. (2016). 
� Museum observations of trends in population size, temporal observations of 
collections trends in organism size and health, pollen records, ice cores, coral 

stable isotopes (record climate variability as a function of sea-surface 
temperature and sea-surface salinity), tree-ring segments (reflect 
variability in local rainfall, temperature or both). 

(Continued on next page) 
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Table 1. (Continued). 

Historical 
data sources 

Tools Variables Estimated 
temporal scales 
(years before 

present) 

Example references 

Artefacts � Objects made or 
modified by humans 
� Museum 
collections 

Information about human use: pottery, metal objects, personal 
adornments (buttons, jewellery and clothing), fishhooks, fish traps, 
weapons (changes in technology). 

>1000 Rick et al. (2016). [Pinnegar and Engelhard 2008] 

Documentation � Journal articles, 
reports, grey 
literature 
� Maps, captain’s 
logs, diaries (1) 
� Commercial catch 
records, fish 

Information about human use: environmental conditions, species 
distributions, fish catches, organism size and condition, species 
extinctions. 

1. >1000 
2. <200 
3. <100 

Enfield et al. (2001); Ames (2004); Kirby (2004); Rosenberg et al. 
(2005); Sáenz-Arroyo et al. (2005); Alexander et al. (2009); Braganza 
et al. (2009); Hall et al. (2011); Nuttall et al. (2011); Hall et al. (2012); 
Zu Ermgassen et al. (2012); Alleway and Connell (2015); Cramer 
et al. (2015); Monsarrat et al. (2016); Zhang et al. (2017). 
[Pinnegar and Engelhard 2008] 

landings, fish log 
books (2) 
� Databases, 
systematic scientific 
records (3) 
� Manuscripts, 
poetry (1) 

Oral � Verbal history, 
traditional 
knowledge 
� Anecdotes and 

Information about human use. >1000 Ames (2004); Rosenberg et al. (2005); Sáenz-Arroyo et al. (2005); 
Lauer and Aswani (2010); Alleway and Connell (2015). [Pinnegar and 
Engelhard 2008] 

sagas 
� Interviews – 
verbal 

Image records � Photography and 
film (1) 
� Pictures and 
paintings (2) 
� Wall art 

Change through time: ecological condition, species distributions, 
species extinction, human use. 

1. <200 
2. >1000 

Berman et al. (1992); Sommer (2004); Braganza et al. (2009); Lauer 
and Aswani (2010), Rick and Lockwood (2013); Alleway and Connell 
(2015). [Pinnegar and Engelhard 2008] 

Broad temporal scales in ‘years before present’ indicate the extent to which information is historically useful. 
References in brackets indicate papers containing summarised information taken from other studies. 
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new technologies such as remote sensing, suitable data are 
still available only for at most the last 50 years. Yet, to 
provide accurate historical baselines for appropriate manage-
ment and conservation, investigations may need to reach back 
much farther in time to capture natural variability and historic 
anthropogenic influences, along with long-term and extreme 
climatic events (Bolster 2012). 

The aim of this review is to describe processes of historic 
degradation in semi-enclosed coastal embayments and the 
important consequences that have flowed from the omission 
of this historical information from environmental decision-
making worldwide. A brief summary of major historical 
events during recent centuries (~400 years) is provided. This 
is followed by a discussion focusing on extinction and 
extirpation of species, the consequences of shifting baselines 
in management decision-making and the interaction of natural 
v. anthropogenic impacts as drivers of change. Table 1 collates 
information on the wide range of tools available for use 
in marine historical studies, their associated variables and 
relevant temporal scales (years before present) indicating the 
historical extent of each tool. The next section examines 
whether processes of historic degradation over this time 
period have followed similar temporal sequences in different 
regions given their differing environmental histories (evidence 
summarised in Table 2). Consolidating information from a 
variety of different disciplines substantially improves knowl-
edge of past ecosystem condition and assisting managers to 
set realistic goals for environmental restoration to improve 
biodiversity and ecosystem function. 

Marine historical ecology (MHE) and the 
recent past (~400 years) 

A central tenet of conservation biology and restoration 
ecology is that appropriate reference conditions are needed 
to determine ecological goals for restoration programs 
(Swetnam et al. 1999; Lotze and Worm 2009). Several interna-
tional organisations, (UN Millennium Ecosystem Assessment, 
the US Oceans Commission, the Pew Oceans Commission, 
and the European Council) have recommended that ocean 
policy use an ecosystem approach in the management of ocean 
resources (Alexander et al. 2009). Thus in recent decades, 
through the integration of ecology, history, archaeology, eco-
nomics, and fishery science, marine scientists have contributed 
to the emerging field of ‘marine historical ecology’ (MHE). As a 
result, past changes in the ocean can be reconstructed beyond 
contemporary investigations to provide historical reference 
points for understanding ecosystem processes and conditions 
(Table 1: Lotze and Worm 2009; Engelhard et al. 2016). 
Table 1 provides a reference to investigate the type of tools, 
resultant variables and broad temporal scales applicable to 
the study of MHE. Example references associated with these 

tools (Table 1) are also provided as practical examples of the 
way in which the tools have been used. 

This review is confined to information related to periods 
of global European colonisation and the present day 
(~400 years). A time period that includes exploration (Age 
of Sail through to the Golden Age of Sail; late 16th century 
to early 19th century) and expansion (European Colonialism– 
Imperial Expansion; late 15th century to early 20th century; 
Rönnbäck 2012). The harnessing of steam power in the 
‘First Industrial Revolution’ (middle of 18th century to 
middle of 19th century) resulted in the mechanisation of 
mercantile commodities such as textiles, tobacco and coffee 
(The British Museum 2017). Consequently, transportation 
times were dramatically reduced, increasing the volume 
of marine products extracted from the ocean and brought 
to market (Rodrique et al. 2017). Subsequently, a second 
period of industrialisation (late 19th to early 20th centuries) 
saw rapid advances in steel, electric and automobile 
industries. The latter phases led to advances in refrigeration 
that allowed perishable marine products to reach distant 
destinations, opening up additional markets to places far 
away from their coastal origin (Roberts 2007; Craig and 
Holt 2017). The development of new instruments and 
fishing techniques allowed ever-increasing volumes of 
marine coastal resources to be extracted. Although historical 
documents show concerns for impacts to these important 
environments, management and conservation measures 
often lagged behind (Roberts 2007). This often resulted in 
substantially changed marine environments that no longer 
represented the habitat described by the initial European 
explorers and settlers (Bolster 2008, 2012). 

Degradation of marine ecosystems has a long 
history 

Extirpation – a key marker of human impacts 
through time 

Marine extirpations (loss of a taxon from a portion of its 
range, namely, area, region or habitat; US National Marine 
Fisheries Service 2006) and extinctions were greatest in the 
19th and 20th centuries, mostly caused by overfishing and 
habitat loss (Jackson 2001; Reynolds et al. 2005; Srinivasan 
et al. 2012). Other, lesser impacts to coastal ecosystems 
occurred through pollution, eutrophication, species invasion 
and disease (Jackson et al. 2001; Lotze and Worm 2009). 
Currently, populations of many once abundant and commer-
cially important marine species have been overexploited; 
their stocks are now in global decline (Jackson 2001; 
Reynolds et al. 2005; Alexander et al. 2009; Bolster 2012). 
For example, a major factor in the colonisation of North 
America by Europeans five centuries ago was the exceptional 
abundance of cod (Gadus morhua) in Newfoundland. Yet, 
overfishing and the introduction of trawlers in the middle 
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Table 2. Physical variables for a range of semi-enclosed marine embayments around the world bordered by intensive land use, mainly industry and urbanisation, that are shallow enough 
for the euphotic zones to reach the seabed prior to human impacts, and do not have large freshwater influence. 

Coastal Population Climatic Catchment area Bay Shape Barrier Average Ocean Importance Problem References 
bay increase zone (km2 × 103) area type depth or Sea 

over time (km2 × (m) access 
(year) 102) 

Gulf of 
Maine 

New England 
(6 states) 

Temperate 179 900 Complex Georges 
Bank 

150 
(plus 3 

North 
Atlantic 

NABCIA 

WHSRNB 
Overfishing. 
Altered 

Auster et al. (2001); Buchsbaum et al. 
(2005); Thompson (2010); Monsarrat 

(USA) 30 000 basins catchment. et al. (2016) 
Atlantic (1640) >200) Loss of primary 
Ocean 91 000 producers. 

(1700) Loss of habitat. 
14 500 000 Loss of 

(2010) biodiversity. 

Moreton Brisbane Subtropical 22 15 Semi- Islands 6.8 South RamsarC Oyster decline. Masel and Smallwood (2000); Morelli 
Bay 20 000 circular Pacific JAMBAD , Altered et al. (2012); Cuttriss et al. (2013); 
(Australia) (1876) CAMBAE catchment. Diggles (2013) 
Pacific 2 000 000 ROKAMBAF Coastal 
Ocean (2011) Bonn development and 

4 000 000 Conv.G , urbanisation. 
(2050) ACAPH Decline in water 

predicted IBAsI quality. 
Eutrophication. 
Increases in 
turbidity. 
Increasing boat 
traffic. 

Shark Bay 
(Australia) 

Shark Bay 
226 (1911) 

Subtropical 13 Complex Shape, 
islands, 

9 Indian UNESCOJ 

JAMBAD 
Overfishing. 
Loss of primary 

Hancock (1989); Christensen (2008); 
Bejder et al. (2016) 

Indian 853 (1996) sand CAMBAE producers. 
Ocean 928 (2013) banks ROKAMBAF Climate 

Bonn Conv.G influences. 

Chesapeake 
Bay (USA) 

Chesapeake 
Bay 

Temperate 165.7 116.5 Complex Shape 6.5 North 
Atlantic 

RamsarC 

AMBFK 
Overfishing. 
Oyster decline. 

Kirby (2004); Kemp et al. (2005); Rick 
et al. (2016) 

Atlantic Watershed Altered 
Ocean 1 000 000 catchment. 

(1800) Decline in water 
8 400 000 quality. 

(1950) Eutrophication. 
18 000 000 Shift in primary 

(2015) production. 
20 000 000 

(2030) 
predicted 

(Continued on next page) 
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Table 2. (Continued). 

Coastal Population Climatic Catchment area Bay Shape Barrier Average Ocean Importance Problem References 
bay increase zone (km2 × 103) area type depth or Sea 

over time (km2 × (m) access 
(year) 102) 

Jiaozhou Qingdao City Temperate 7 4 Complex Shape 7 South Altered Shen (2001); Dai et al. (2007); Wang and 
Bay 4 000 000 (narrow Yellow catchment. Wang (2011); Zhang et al. (2017) 
(China) (1949) entrance) Sea Increased 
Yellow Sea 7 000 000 industrialisation. 
(Pacific (1990) Land reclamation. 
Ocean) 8 700 000 Decline in water 

(2010) quality. 
12 000 000 Eutrophication. 

(2020) HABsL . 
predicted Shift in primary 

production. 

Great South New York Temperate 0.7 2.35 Linear Islands 1.3 North Overfishing. Kraeuter et al. (2005); Kraeuter et al. 
Bay (NY – City Atlantic Shoreline (2008); Nuttall et al. (2011) 
USA) (5 boroughs) development. 
Atlantic 60 500 Urbanisation. 
Ocean (1800) Decline in water 

7 800 000 quality. 
(1950) Eutrophication. 

8 000 000 Decline in 
(2010) biodiversity. 

Gulf of State of Baja Subtemperate 88 1770 Linear Shape 800 North UNESCOJ Overfishing. Sáenz-Arroyo et al. (2005); Sáenz-Arroyo 
California California (Yaqui, Mayo, Pacific (parts) Decline in et al. (2006); Early-Capistrán et al. (2018) 
(Mexico) 7500 Mátape, biodiversity. 
Pacific (1900) Cocoraque Declining water 
Ocean 2 500 000 catchments) quality. 

(2000) HABsL . 
Lack of formal 
evaluation of 
fisheries impacts. 
Lack of 
monitoring. 

San San Francisco Temperate 194 25 Complex Shape 6 North RamsarC Oyster decline. Kirby (2004); Watson and Byrne (2009) 
Francisco Bay Area (narrow Pacific Altered 
Bay (9 counties) channel) catchment. 
(CA – USA) 114 000 Wetland loss, 
Pacific (1860) reclamation and 
Ocean 2 600 000 alteration. 

(1950) 
7 000 000 

(2010) 
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Table 2. (Continued). 

Coastal Population Climatic Catchment area Bay Shape Barrier Average Ocean Importance Problem References 
bay increase zone (km2 × 103) area type depth or Sea 

over time (km2 × (m) access 
(year) 102) 

Botany Bay Sydney Temperate 1.2 0.04 Complex Shape 11.4 Tasman RamsarC Oyster decline. Kirby (2004) 
(Australia) 3000 (narrow Sea (part) 
Pacific (1796) channel) 
Ocean 630 000 

(1911) 
5 000 000 

(2016) 

Saint Adelaide Temperate 5 68 Complex Islands 21 South IBAsI Oyster decline. Alleway et al. (2014); Alleway and 
Vincent Gulf 483 500 (Adelaide Indian Coastal Connell (2015) 
(Australia) (1954) catchment) Ocean development and 
Southern 874 000 urbanisation. 
Ocean (2000) Declining water 

quality. 
Seagrass loss. 

Wadden Sea Amsterdam Temperate 231 135 Linear Islands Tidal North UNESCOJ Overfishing. Lotze (2005); Lotze et al. (2005); Lotze 
(Europe) 60 000 Sea RamsarC Altered catchment et al. (2006); Eriksson et al. (2010); Van 
North Sea (1600) Bonn Conv.G Seagrass loss. der Veer et al. (2015) 
(Atlantic 200 000 OSPAR Decline and loss of 
Ocean) (1800) Conv.M mussel and cockle 

770 000 Bern Conv.N beds. 
(2010) CBDO Decline in water 

quality. 
Decline in 
biodiversity. 
Shift in primary 
production. 

For population increase over time, catchment area and city size vary among bays, so population estimates are not directly comparable among bays. 
ANorth American Bird Conservation Initiative. 
BWestern Hemisphere Shorebird Reserve Network. 
CRamsar Convention on Wetlands. 
DJapan–Australia Migratory Bird Agreement. 
EChina–Australia Migratory Bird Agreement. 
FRepublic of Korea–Australia Migratory Bird Agreement. 
GConvention on the Conservation of Migratory Species of Wild Animals (Bonn Convention). 
HAgreement on the Conservation of Albatrosses and Petrels. 
IImportant Bird Areas. 
JUnited Nations Educational, Scientific and Cultural Organisation. 
KAtlantic Migratory Bird Flyway. 
LHarmful Algal Blooms. 
MConvention for the Protection of the Marine Environment of the North-East Atlantic. 
NConvention on the Conservation of European Wildlife and Natural Habitats. 
OConvention on Biological Diversity (United Nations). 
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of the 20th century depleted stocks to <3% of those in the 
1500s−1800s. The collapse of the Newfoundland cod 
population dramatically altered marine ecosystems (because 
cod was an apex predator controlling trophic cascades) and its 
recovery is in doubt, even in the absence of fishing (Pitcher 
2001; Myers and Worm 2005; Rosenburg et al. 2005; Lotze 
and Worm 2009). Similarly, large aggregations of Atlantic 
sturgeon (Acipenser sturio) were reported in the southern 
Baltic Sea until the 18th century, but by 1900, annual catches 
had dropped to <500 individuals and the fishery ceased in 
1915. Atlantic sturgeon remains locally extinct in Europe 
and is critically endangered across the rest of its range 
(Debus 1996; Lotze et al. 2006). 

Depending on their market value and ease of capture, 
the abundance of some whale species declined during 
the 1900s. Populations of southern (Eubalaena australis) 
and North Pacific (Eubalaena japonica) right whales, North 
Pacific grey whales (Eschrichtius robustus) and North 
Atlantic humpback whales (Megaptera novaeangliae) had 
their abundances reduced by 80–98% (Roman and Palumbi 
2003; US National Marine Fisheries Service 2006). 
Additionally, there are only ~400 North Atlantic right 
whales (Eubalaena glacialis) remaining, making it one of 
the most critically endangered large whales in the 
world (Monsarrat et al. 2016; NOAA Fisheries 2017; Bak 
2020). These declines in whale numbers coincided with the 
introduction of factory ships with on-board facilities for 
processing and freezing whales that processed much higher 
tonnages than traditional methods (hand-thrown harpoons 
and rowboats; Roberts 2007; Newton 2013). The loss of 
large marine fauna was the first substantial anthropogenic 
impact to which many marine ecosystems were exposed. 

Management responses to marine extirpations largely 
focused on restoring stocks of individual species rather than 
ecosystem processes (Jackson 2001; Jackson et al. 2001; 
Rosenberg et al. 2005; Goode 2006). As early as the 
18th century, North America attempted to mitigate rapidly 
declining stocks of migratory fish through legislation, by 
prohibiting the construction of dams on public land and 
requiring the construction of fish passes around dams during 
spawning. Yet, these and future measures (severe restrictions 
on commercial and recreational fishing, implementation of 
hatcheries) were ineffective for a number of anadromous 
fish (e.g. Atlantic salmon, Salmo salar; striped bass, Morone 
saxatilis; American shad, Alosa sapidissima; and blue back 
herring, Alosa aestivalis) and, by the 19th century, the once 
seemingly inexhaustible supply of migratory fishes had 
collapsed or was in decline. Perhaps more than overfishing 
and industrialisation were involved in their irreversible 
decline (Buchsbaum et al. 2005; Roberts 2007)? 

Investigating the chronology of historical events leading to 
the current status of species and their environments can be 
useful in determining why management actions have, or 
have not, been effective. For example, technologies such as 
fish ladders, lifts and hatcheries were ineffective because 

they were unable to overcome the impacts of multiple river 
dams on fish populations (Goode 2006; Thompson 2010; 
Hall et al. 2011). By the 1950s, less than 2% of the original 
spawning habitat for Atlantic salmon (and many other anadro-
mous fish species) remained in New England (Buchsbaum 
et al. 2005). A disconnect between historical investigations 
into individual species and their once structurally complex 
habitats could lead to unachievable and costly conservation 
management goals (Airoldi et al. 2008). For example, the 
very high numbers of dugong (Dugong dugon) of 72  000  
(1960s) to 4000 (mid-1990s) formerly reported could not be 
supported on the Great Barrier Reef today given the loss of 
seagrass area (Marsh et al. 2005). Understanding interactions 
between species and other parts of ecosystems, together with 
historical knowledge of key events in ecosystem degradation, 
should indicate how populations or ecosystem functions 
might be restored (or partially restored). 

Until recently, conservation management and restoration 
have focused largely on data collected in the past 50 years of 
scientific monitoring, for which comprehensive numerical 
data may exist. Most ecological research is based on local, 
short-term (one to a few years) field studies used to determine 
baselines and environmental management objectives (Jackson 
2001; Jackson et al. 2001; Rosenberg et al. 2005; Lotze and 
Worm 2009). Yet, the extent of human influence cannot be 
assessed solely on the basis of modern observations because 
many impacts commenced prior to the use of scientific 
monitoring (Al-Abdulrazzak et al. 2012; Nyström et al. 2012). 
Furthermore, the absence of historical data may lead to 
incorrect conclusions about species life-history characteristics 
such as size at reproductive maturity, life span, fecundity, 
migration patterns and times and locations used for 
spawning or spent as juveniles. 

The consequences of shifting baselines 

Without long-term data, temporal processes such as 
population decline, range contraction, thresholds and lag 
times (i.e. extinction debt) may be overlooked. Furthermore, 
where extirpation preceded ecological investigation, species 
absences have often been erroneously accepted as part of 
the natural baseline (Jackson 2001; Lotze and Worm 2009). 
Pauly (1995) hypothesised that each generation of marine 
scientists tends to accept as a baseline the abundance 
and composition of species occurring at the commencement 
of their career. Henceforth, they use this ‘baseline’ condition 
to evaluate change, often under the assumption that 
inadequate data exist for earlier periods. This results in a 
‘shifting baseline’ that allows ecosystem condition to degrade 
through time (Pauly 1995), facilitates the creeping disappear-
ance of species and the use of inappropriate reference points 
for measuring economic losses or identifying goals for 
management actions (Rosenberg et al. 2005; Pinnegar and 
Engelhard 2008; Lotze and Worm 2009). Therefore, one 
important role of historical ecology research is to provide 
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improved knowledge of past ecosystem condition to provide 
more accurate baselines. 

Case studies exist that show how historical data enable 
correct interpretation of the causes of contemporary 
environmental change. Initially, the ecological collapse of 
Caribbean coral reefs in the 1980s was attributed to the 
bottom-up effects of nutrient enrichment that facilitated 
macroalgal growth, which, eventually, outcompeted corals, 
covering the reefs (Burkepile and Hay 2006; Fitzpatrick and 
Keegan 2007). However, contemporaneous with the collapse 
of corals was the mass mortality, from an unknown pathogen, 
of the formerly ubiquitous herbivorous sea urchin Diadema 
antillaruma. Because this sea urchin had exerted top-down 
control on macroalgae, they were released from herbivory 
when the sea urchin was extirpated, covering the reef. Data 
from the 1950s indicated that assemblages of small fish 
species represented baseline community structure (Hughes 
1994; Jackson and Sheldon 1994) that was subsequently 
altered by eutrophication and loss of Diadema. However, 
larger species of predatory and herbivorous fish had once 
formed part of the fish assemblage (prior to their disappear-
ance during the 19th century as a result of overfishing), 
and they had exerted top-down control on macroalgae. 
Thus, environmental degradation of Caribbean coral reefs 
started with overfishing in the 19th century, leading to 
dependence on a single species of sea urchin to control 
macroalgal growth (Hay 1984; Jackson 2001; Pinnegar and 
Engelhard 2008). By using stratigraphy and radiocarbon 
isotopes (Table 1), Cramer et al. (2015) showed that, 
subsequently, land clearing and agriculture in the mid-20th 
century gradually changed marine-water quality, causing a 
shift from long-lived to short-lived corals. When epidemic 
disease then removed sea urchin grazing, macroalgae took 
advantage of changes in water quality to rapidly overgrow 
and replace the short-lived corals. The formation of 
macroalgal-dominated reefs then led to further changes to 
fish and invertebrate assemblages (Lessios 1988; Cramer 
et al. 2015). This sequence of anthropogenic impacts 
occurring over more than one century, starting with over-
fishing and followed by a sequence of slow environmental 
change (water quality) and more rapid ecological change 
(epidemic), leading to ecosystem collapse, is not an isolated 
example (Table 2). 

Interacting drivers of change – natural processes 
v. anthropogenic impacts 

As the majority of changes to marine ecosystems take place 
through multiple interacting natural and anthropogenic 
drivers occurring at a range of different temporal and 
spatial scales, it is important to distinguish the impacts 
of natural drivers and natural variability from human 
impacts (Brierley and Kingsford 2009; Pershing et al. 2012; 
Schwerdtner Má ̃  et al. 2014). Natural variations nez in 
climate affect marine productivity, ranging from annual or 

seasonal to decadal cycles, but these patterns can be hard 
to attribute to natural causes. In some ecosystems, climatic 
forcing may be responsible for major population changes 
that conventional data fail to capture because of the short 
time (i.e. ~50 years) these data have been available. 
For example, until recently, collapses in the Santa Barbara 
Basin anchovy and sardine populations had been attributed 
to anthropogenic impacts. Yet, examination of fish scales 
taken from sediment cores showed that nine major collapses 
and subsequent recoveries of anchovy and sardine popula-
tions had occurred over the past 1700 years (Table 1, 
Baumgartner et al. 1992). Together with more contemporary 
data, this suggests population cycles of anchovies and 
sardines occur every 50–70 years, determined by changing 
climatic conditions (Jackson 2001; Pinnegar and Engelhard 
2008). 

Regional climate can be heavily influenced by natural 
variability in large climatic systems over extended time 
scales. For example, Enfield et al. (2001) cross-referenced a 
variety of datasets, whereas Braganza et al. (2009) used 
dive logs, photographs, videotapes and collections as 
proxies for patterns of abundance to determine that the 
Atlantic Multidecadal Oscillation (AMO) affects sea-surface 
temperature in the North Atlantic Ocean by 0.4°C over a 
65–80-year cycle (Table 1). Such effects are distinct from 
human impacts on climate, which commenced after the 
Industrial Revolution through the release of greenhouse gases 
(Steffen and Hughes 2013). Anthropogenic climate change 
now augments, amplifies and accelerates other human 
impacts (Jackson et al. 2001; Pinnegar and Engelhard 2008), 
but as contemporary data extend back only ~50 years, it is 
often inadequate to capture long-term changes, leading to 
false assumptions about drivers of population dynamics. 
Methods that can extend records long enough through time 
to capture natural population variability provide a more 
accurate assessment of the role played by anthropogenic 
impacts (Table 1). 

Recovery pathways and threshold effects 

The idea that increasing biodiversity during ecosystem 
recovery increases ecosystem function underpins ecosystem 
restoration, but there is uncertainty regarding the recovery 
of important ecosystem processes such as decomposition 
and recycling of nutrients (Lake et al. 2007). Reference 
conditions used as goals in restoration may not always lead 
to success because it may be no longer possible to reach 
those conditions even when biodiversity increases. Recovery 
pathways will vary according to the losses in redundancy that 
occurred in each ecosystem over time. These losses affect 
ecosystem capacity to recover from both natural and 
anthropogenic impacts (Tett et al. 2007). Marine ecosystems 
may also encounter threshold effects that greatly change their 
stable states, to a point where even substantial reductions in 
disturbance have little or no effect on recovery. The resulting 
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ecosystem becomes so different and has degenerated to the 
extent that it no longer provides the ecosystem processes 
and functions formerly present at the site (van de Koppel 
et al. 2009). 

Information gathered on the Gulf of Maine (GoM, Table 2) 
in the United States of America indicates that a very different 
ecosystem existed during post-colonisation times (1600– 
1800s) from that of the present-day ecosystem. Large 
animals such as whales (e.g. North Atlantic right whales, 
E. glacialis; walrus,  Odobenus rosmarus; seals, Arctocephalus 
spp.; and the great auk, Pinguinus impennis) were found 
there in large numbers. These and many other easily 
exploited species (e.g. oysters) were rapidly depleted, being 
conspicuous and easily accessed close to shore, with little 
fishing effort required to harvest thousands of individuals 
(Roberts 2007; Bolster 2012). This resulted in a loss of 
ecosystem redundancy that compromised its resilience 
to further changes. Later, during the industrial revolution 
(1800–1900s), advances in technologies (e.g. freezing and 
railway transport) resulted in declines in stocks of preferred 
species. Fishers moved on to the next most favourable 
species, from cod to haddock to ocean perch, until, finally, 
benthic species such as flounder, scallops and blue mussels 
were taken by trawlers (Pauly et al. 1998; Pauly and 
Palomares 2005). Contemporaneously, extensive industrial 
development and urbanisation occurred along New England 
rivers and catchment areas (Table 2, ‘Population increase 
over time’). Species lost at this time not only changed the 
appearance of the GoM marine ecosystem but negatively 
affected the processes and functions within it. This second 
loss of redundancy further compromised the capacity of the 
ecosystem to recover from further change (Buchsbaum et al. 
2005; Anderson et al. 2014). 

Chesapeake Bay, San Francisco Bay, Moreton Bay and the 
Wadden Sea (Table 2) follow a sequence of environmental 
change and loss of redundancy similar to those in GoM 
(Lake et al. 2007; Tett et al. 2007). Table 2 provides 
information on the exponential population growth that 
occurred in these coastal bays over time. The associated 
increase in urbanisation adds to the impacts and stresses on 
these environments, because natural shorelines were replaced 
with artificial surfaces. Management plans commonly focused 
on restoring stocks of individual species (e.g. oysters, seagrass 
or fish, see above) rather than looking at ways in which 
succession pathways could benefit the entire ecosystem 
(Jackson et al. 2001; Rosenberg et al. 2005; Goode 2006; Lake 
et al. 2007). Importantly, the resilience of many ecosystems 
has led to new recovery pathways that have resulted in 
the maintenance of important functions and processes 
(e.g. fishing, nurseries, bird habitat, nutrient uptake), even 
though they no longer resemble the coastal environments that 
existed prior to colonisation. Indeed, the global importance 
of these ecosystems, especially with regards to migratory 
species, is demonstrated by the number of international 

treaties and conventions they are party to (Table 2, 
‘Importance’). 

Sometimes, the ecosystem is degraded to a point where the 
original suite of species along with functions and processes 
are completely lost. Recovery pathways are unpredictable, 
and the target endpoint no longer resembles the original 
ecosystem even with management intervention (Lake et al. 
2007; Tett et al. 2007). The example of Jiaozhou Bay 
(China, Table 2) illustrates how a coastal ecosystem 
becomes so degraded that it results in a simplified foodweb 
based on microalgae and microbes. 

Consideration also needs to be given to recovery path-
ways because of impacts from global warming, because it 
augments, amplifies and accelerates other human impacts. 
Shark Bay (SB) in Western Australia is uniquely positioned 
to demonstrate impacts due to global warming because 
it has had minimal changes in population growth since 
1911 (Table 2). An unprecedented marine heatwave occurred 
in SB between December 2010 and February 2011 (Pearce 
and Feng 2013). The temperate seagrass (Amphibolis 
antarctica) is at the northern edge of its geographic range 
in SB, where it covered ~3700 km2 and comprised ~85% 
of total seagrass cover (Walker et al. 1988). Following the 
heatwave, 36% of seagrass cover in SB was lost. Because SB 
contains one of the largest areas of seagrasses worldwide, 
this loss dramatically reduced habitat for a wide range of 
fauna, significantly reduced carbon sequestration capacity, 
and increased CO2 emissions from sediments through 
seagrass degradation (Arias-Ortiz et al. 2018). Such effects 
also have the potential to exacerbate climate-change 
impacts on ecosystems globally (Steffen and Hughes 2013; 
Thomson et al. 2015) and will be difficult to manage in 
more degraded ecosystems. 

A predictable sequence of environmental 
change in coastal embayments 

The following section examines human impacts in near-shore 
marine coastal embayments using both contemporary 
scientific data and novel information sources to determine 
whether historic degradation processes followed similar 
temporal sequences in different global regions. The coastal 
embayment examples in Table 2 comprise three oceans 
(Atlantic, Indian and Pacific) and three seas (North, Tasman 
and South Yellow) with many of their physical features 
‘shape’, ‘climatic zones’, ‘barrier type’ and their ‘catchment 
and bay areas’ being very different (Table 2). 

The history of environmental change 

Anthropogenic impacts on marine ecosystems are often most 
intense in near-shore and coastal ecosystems because these 
are closest to where people live. Fossil records and shellfish 
middens show that people around the world extracted goods 
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sustainably from coastal ecosystems for millennia (Erlandson 
and Rick 2010; Fitzpatrick et al. 2015). For example, even 
though the Aboriginal peoples of Australia hunted dugongs 
for millennia, populations remained large. European colonists 
reported seeing herds of dugongs comprising tens of 
thousands of large individuals as late as 1893 (in Moreton 
Bay Queensland, Jackson et al. 2001). Similarly, shell 
middens on the eastern coast of North America attest to a 
long history of sustainable extraction of oysters (shell size 
in middens commonly exceeded 30 cm; Jackson 2001). 
So, although most Indigenous coastal peoples used marine 
resources from embayments, there were indiscernible impacts 
on populations or ecosystems. 

The greatest anthropogenic impacts to coastal marine 
ecosystems appear to have occurred during either times of 
exploration and colonisation or (later) times of rapid indus-
trialisation (Worm et al. 2006; Poulsen 2010; Zu Ermgassen 
et al. 2012). One of the most expansive human migrations 
in recorded history occurred during ‘the age of sail’, in the 
16th−19th centuries, when Europeans travelled around 
the world. In this early modern period of international 
trade, Europeans crossed vast oceans to seek their fortunes 
and acquire wealth, thereby acquiring influence, power and 
elevated social status (Rodrique et al. 2017). During this 
time, European colonisers relied on ocean products and 
services as never before. In doing so, they helped create 
empires of commerce, establishing both economic and 
social connections with the sea. Concepts of ecosystems and 
sustainability were not widespread in these cultures, so 
stocks of many economically important marine species 
(including large marine fauna such as whales, walrus, seals, 
cod) declined either to extirpation or extinction, changing 
many (perhaps most) marine ecosystems forever (Lotze and 
Worm 2009; Bolster 2012). Subsequently, as human popula-
tions have continued to grow, pressure on coastal areas has 
further degraded many marine ecosystems, exceeding their 
resistance and resilience to change. 

Of near-shore ecosystems, shallow coastal embayments are 
some of those most intensely used by humans, both now and 
in the past (Lotze et al. 2006; Worm et al. 2006). Prior to 
anthropogenic impacts in the 19th or 20th century, the 
euphotic zone in shallow coastal marine embayments reached 
the seabed, permitting primary productivity throughout the 
water column. As a result, embayments have often contained 
very productive ecosystems supplying resources such as 
seafoods to humans, resulting in resident human populations. 
Interestingly, many embayments with a long history of human 
use are semi-enclosed by peninsulas or islands, facilitating 
human access and reducing flow-through by ocean currents. 
In following sections, we review historical data sources 
used to identify factors affecting the condition of shallow 
semi-enclosed marine embayments surrounded by industrial 
and urban land uses. 

The dependence of human societies on coastal 
marine embayments 

Over the past two centuries, human settlements along 
coastlines have become industrialised and urbanised to take 
advantage of convenient access to marine resources and 
shipping for transportation of goods and services (Lotze 
et al. 2006; Lotze and Worm 2009). In particular, semi-
enclosed coastal marine embayments have characteristics 
that are highly desirable for both settlements and industry, 
namely, restricted water circulation, either by virtue of their 
shape or by obstructions to flow either above or below the 
water surface (e.g. sandbanks, submerged ocean banks, 
islands, bridges, causeways), and sheltered harbours that 
facilitate the loading of goods for transport (Table 2; 
Bolster 2012). Bays are also highly productive, usually 
containing habitat-forming organisms (ecosystem engineers, 
e.g. seagrass, kelps, oyster beds, mangroves or corals) that 
provide fish and shellfish nurseries and support a wide 
variety of other marine species that can be easily exploited 
because of their proximity to the shoreline (Jackson 2001; 
Jackson et al. 2001; Lotze et al. 2006). As a result, these 
ecosystems are often of local, regional or international 
importance (Table 2). Jackson (2001), designated habitat-
forming marine species as ‘ecosystem engineers’ (sensu 
Jones et al. 1994) because they are able to moderate the 
availability of resources within their environment through 
creating, modifying and maintaining their habitat. They 
stabilise the physical environment and increase biodiversity 
and trophic complexity in embayments, resulting in more 
resilient ecosystems (Jackson 2001; Nyström et al. 2012). 
Consequently, impacts that remove ecosystem engineers 
from coastal embayments will have particularly large 
negative effects on ecosystems. For these reasons, coastal 
embayments provide ideal locations to show the role of 
historical ecology in understanding processes of ecosystem 
degradation and restoration. 

The loss of ecosystem engineer species: the 
example of oysters 

One nearly ubiquitous example of historical exploitation of 
resources from shallow marine environments is the harvesting 
of shellfish, which are both autogenic and allogenic ecosystem 
engineers (Jones et al. 1994; Meadows et al. 2012). Oysters 
and other filter-feeding shellfish were originally common 
and abundant in coastal embayments, and similar patterns 
of historical overexploitation of oyster reefs have occurred 
in semi-enclosed embayments worldwide (e.g. San Francisco 
Bay and Chesapeake Bay (USA), Botany Bay, Moreton Bay and 
Saint Vincent Gulf (Australia), Jackson et al. 2001; Kirby 
2004, Table 2). Indeed, the long-time scales involved in the 
impacts of oyster exploitation and the lack of numerical 
data on oyster losses may have created a collective amnesia 
regarding the past distribution, abundance and extent of 
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oyster reefs (Alleway and Connell 2015). For example, data 
from diaries and correspondence of fisheries inspectors, 
government reports, legislation, photographs, and maps 
(Table 1) were utilised to provide a baseline of a now extinct 
oyster fishery once present along the South Australian 
coastline. This extinct fishery once covered more than 
1500 km of coastline, including large areas within Saint 
Vincent Gulf (Table 2); however, now the existence of this 
fishery, and its loss, are not well known. Dredging was the 
main driver for the loss of oyster reefs, commencing in the 
early days of European colonisation (c. 1836), until collapse 
100 years later (Alleway and Connell 2015). As late as 
1892, oysters were ‘plentiful’ and ‘thickly distributed’ 
(Inspector of Oyster Fisheries 1892, as cited in Alleway and 
Connell 2015). The degradation and decline of oysters in 
South Australia occurred prior to changes in adjacent 
catchments; so, they were driven solely by overexploitation. 

Kirby (2004) reconstructed the history of oyster reef 
exploitation along three continental margins, namely, 
eastern North America, western North America, and eastern 
Australia. Multiple proxy variables (derived from fishery 
records, including the earliest laws to regulate oyster 
fisheries and a time-series of oyster landings, Table 1) were  
utilised, allowing information to be cross-referenced in 
space and time, greatly increasing the reliability of the 
historical information. These sets of information were used 
to compare the process and effects of shellfish exploitation 
among the coastlines. Along the North American coastline, 
oyster fishery exploitation progressed from north to south 
direction in a process termed ‘fishing down the coast’, 
whereby overharvesting first occurred in Massachusetts and 
New York and then spread southward to Chesapeake Bay 
and the Gulf of Mexico. Oyster landings from Chesapeake 
Bay on the eastern coast of North America were an order of 
magnitude greater than from any other oyster fishery in 
1880 (Kirby 2004). Populations were so vast that they were 
used to restock northern fisheries and, by the late 1800s, 
some 400 000–600 000 tons (~363 000–544 000 tonnes, Mg) 
of oysters were harvested from the Bay annually (Rick et al. 
2016). Consequently, by the year 2000, oyster landings 
were only 2% of those in 1880 (Kirby 2004), clearly showing 
the loss in productivity. Oyster grounds are thus not only 
smaller, but also ~10 times less productive than they were 
in the late 1800s (Zu Ermgassen et al. 2012). 

Studies using fossils (Table 1), that go further back in 
time, show the effects of human harvesting of oysters even 
more profoundly. In Chesapeake Bay, average oyster size 
decreased from the Pleistocene (781 000 000–13 000 years 
ago, 87 mm) to the Holocene (3200–50 years ago, 79 mm), 
with the smallest average size of oysters being recorded in 
Modern (years 2000–2014, 72 mm) times (Rick et al. 
2016). Very large size classes of oysters were absent from 
modern samples (cf. Pleistocene) probably as a result of 
overharvesting and the introduction and spread of oyster 
diseases (in 1949, Rick and Lockwood 2013). In the mere 

400 years since European settlement of Chesapeake Bay, 
anthropogenic changes (widespread use of dredges since 
1870, clearing of >50% of the forested catchment area for 
agriculture by the mid-1800s, fertilisers rapidly increasing 
sedimentation rates) accelerated the destruction of the 
oyster grounds to a point where they are now functionally 
extinct (Zu Ermgassen et al. 2012). Yet, for thousands of 
years, oysters had functioned as a key regulator of water 
quality, as a vital component of food webs, stabilised 
benthic and intertidal habitats and provided habitat for 
other species (Meadows et al. 2012; Nyström et al. 2012; 
Zu Ermgassen et al. 2012; Rick and Lockwood 2013). 

Oyster reef degradation fundamentally changes ecosystem 
function through the loss of filtering capacity (Kirby 2004; 
Alleway and Connell 2015). For example, in Chesapeake 
Bay, oysters may have been able to filter the entire volume 
of the Bay every 3 days (Jackson et al. 2001; Rick et al. 
2016). In both Chesapeake Bay and Saint Vincent Gulf, 
very significant ecosystem function was lost prior to later 
industrialisation and clearing for agriculture (Table 2, 
Colman et al. 2002; Alleway and Connell 2015). Loss of 
function of this magnitude would have profoundly changed 
these ecosystems, even without the concomitant loss of 
habitat for other species provided by shellfish beds and the 
biomass of oyster prey for predators. Although these losses 
occurred prior to modern marine science, they are likely to 
have significantly degraded embayment ecosystems. 

Eutrophication and decreased water quality 

Chesapeake Bay also suffers from eutrophication. Patterns of 
eutrophication were evident during early European colonisa-
tion in both the 17th and 18th centuries, demonstrated 
by increased sedimentation rates, total organic carbon and 
biogenic silica (Table 2, Kemp et al. 2005). However, the 
greatest changes to sediments have occurred within the 
past 50 years; intense and recurrent seasonal depletion of 
oxygen is unique to this time period (Allen et al. 2006; 
Zhang et al. 2017). Seasonal deoxygenation is associated with 
increased urbanisation and exponential population growth 
around Chesapeake Bay (Table 2), contributing increased 
nutrient loads (Kemp et al. 2005; Rick and Lockwood 2013). 
However, long-term evidence shows that when overfishing 
caused the loss of oysters and their filtering function, 
phytoplankton production replaced primary production by 
seagrasses and benthic diatoms. Later the ecosystem shifted 
again to be driven by microbial decomposition with 
episodes of hypoxia or anoxia (Jackson et al. 2001; deYoung 
et al. 2008). Evidently, lengthy time lags (decades to 
centuries) may occur between overfishing and population 
collapse. Time lags may occur because physiological 
tolerances of ecosystem engineers are not exceeded until a 
long time after overfishing occurs. Alternatively, density-
dependent effects on population fertility that are not 
immediately obvious (i.e. extinction debt in long-lived 
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species) can cause time lags (Jackson 2001; Scheffer and 
Carpenter 2003). Although many populations of shellfish 
and other ecosystem engineers in highly urbanised and 
industrialised marine embayments around the world are 
presently considered highly productive, they may in fact be 
on the brink of collapse because of overfishing (in preceding 
decades or centuries) combined with the delayed threshold 
effects associated with nutrient enrichment (Jackson 2001; 
Jackson et al. 2001). 

Although the strong relationship between nutrient 
enrichment and harmful algal blooms (HABs) has long been 
established in freshwater ecosystems (Granéli and Turner 
2006; Schindler and Vallentyne 2008), the link between 
anthropogenic eutrophication, HABs and nuisance macroalgal 
growth in coastal marine systems has gained global recogni-
tion only within recent decades (e.g. Lavery et al. 1991; 
Allen et al. 2006; Heisler et al. 2008). Nutrient enrichment 
of coastal waters results from agricultural and industrial 
activities supporting increased human population growth. 
Expansion of coastal settlements in the early 19th century 
significantly increased waste discharge, both directly and 
indirectly (through river discharge), into many coastal 
embayments around the world (e.g. Jiaozhou Bay (China), 
Wadden Sea (Netherlands), Saint Vincent Gulf (Australia), 
Chesapeake Bay and the Gulf of California (USA) (Table 2; 
Lotze 2005; Sáenz-Arroyo et al. 2005; Granéli and Turner 
2006; Wang and Wang 2011). Nutrient enrichment directly 
stimulates algal growth, which may initially benefit 
ecosystems through increased primary production. However, 
algal blooms along coastlines have occurred with increasing 
frequency, lasted longer, occupied larger geographic extents 
and comprised more toxic species than previous decades, a 
pattern that is becoming accepted as typical of these 
environments (Heisler et al. 2008). In coastal waters, HABs 
may produce toxins that deter grazing, or their biomass can 
overwhelm grazing capacity. These toxins may kill fish and 
poison seafood, causing problems for human health. HABs may 
also cause nocturnally low dissolved oxygen concentrations, 
and decomposing blooms may reduce oxygen concentrations 
(through microbial activity) to such a degree that there is 
widespread mortality of marine life, regardless of whether 
toxins are produced (Allen et al. 2006; Heisler et al. 2008; 
Van der Merwe and Price 2015). HABs may also foul 
beaches, cause contact dermatitis in humans, and alter 
trophic interactions in food webs. The impacts of eutrophi-
cation may therefore proliferate through coastal ecosystems 
via direct and indirect pathways, causing alterations in food-
web and ecosystem dynamics. 

The economic impact of HABs can be substantial, including 
losses to fisheries, tourism, human amenity and through 
the costs of environmental monitoring and health care 
(Allen et al. 2006; Granéli and Turner 2006; Worm et al. 
2006). They have prompted many governments to spend 
considerable resources to reduce nutrient loads and restore 
ecosystem health. Unfortunately, although the problem may 

simply appear to be caused by discharge of anthropogenic 
wastes into embayments, ceasing nutrient-rich discharge 
into coastal waters does not solve the HAB problem (Shen 
2001; Dai et al. 2007). For example, despite recent steps 
taken to ameliorate heavy metal pollution and eutrophication 
in Jiaozhou Bay (China, Table 2), including restoration of 
adjacent rivers, coastline protection and moving industry 
out of the Bay area, water quality has continued to deteriorate 
(Zhang et al. 2017). Dissolved inorganic nitrogen (DIN) 
was the dominant pollutant (Shen 2001; Wang and Wang 
2011), so management efforts were focussed on nutrient 
reduction in the catchment. Over 50 years, a synergistic effect 
of terrestrial nutrient inputs and changed hydrodynamics 
(caused by land reclamation) transformed DIN processes in 
the Bay. The role of factors such as altered hydrodynamics, 
were fully understood only when long-term data were used 
(Zhang et al. 2017). Historical investigations to understand 
processes leading to eutrophication are therefore extremely 
important. They may identify nutrient thresholds associated 
with significant ecosystem changes, which in turn may lead 
to improved management targets. For example, the loss of 
both significant filter-feeding functions and large grazing 
animals from embayments prior to the commencement 
of excessive nutrient discharge reduces the capacity of 
ecosystems to absorb the additional nutrients (and subsequent 
productivity), without significant changes to ecosystem 
composition, structure and function. 

Summary of predictable processes of historic 
degradation in semi-enclosed coastal 
embayments 

The literature shows a characteristic historical sequence of 
degradation in semi-enclosed coastal embayments during 
the modern era (~400 years ago). It commenced with the 
sustainable use of ecosystem resources prior to European 
colonisation. During the early stage of exploration, there 
were plentiful species present that were easily caught, 
provided a substantial monetary gain, and were thus 
overfished leading to the loss of large marine fauna. Then, 
colonisation of coastal embayments led to the exploitation 
of species closer to the shore, such as shellfish and fish, 
either directly (shellfish) or indirectly (dredging, trawling) 
removing ecosystem engineers (e.g. seagrass, kelps, oyster 
beds, mangroves or corals). Simultaneously, habitat losses 
occurred in the surrounding catchment (building and farming 
practices), increasing run-off that delivered sediment and 
nutrients into bays. This resulted in profound change to 
ecosystem structure and function. Ecosystem change may 
then have stabilised until improved technology allowed 
vessels to travel greater distances and fish for longer periods 
of time. Fisheries that were once inaccessible provided new, 
plentiful fisheries resources (e.g. herring, salmon, shad), 
resulting in further species depletions and losses. In time, 
industries (especially those with overseas markets) were 
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established along the coastline and urban areas grew to 
service industry and as part of a healthy coastal lifestyle 
(where boating, swimming and fishing were at your 
doorstep) with plentiful protein (fish, shellfish) free for the 
taking. Next, there may have been a time delay before 
further degradation occurred due to hydrological changes 
and seabed disturbance. In turn, those impacts cause further 
losses of ecosystem resilience. From this point onward, a 
comparatively smaller impact could lead to foodweb cascades 
and collapse, because the ecosystem has lost so much 
resilience through loss of species redundancy (e.g. Caribbean 
example). Thus, when managers use as a baseline data collected 
within the past 50 years, it may represent an ecosystem already 
heavily compromised. This limited resilience can then result in 
rapid degradation of an ecosystem once multiple new stressors 
(including global warming) are imposed. 

Conclusions 
1. Degrading anthropogenic impacts on semi-enclosed 

coastal embayments have been occurring over century 
scales, an exponential surge in exploitation and extraction 
is associated with European colonisation and industrial 
development (~400 years). Researchers need to consider 
changes that occurred long before the age of scientific data 
to understand the degradation of coastal embayments. 

2. The degradation of ecosystems in semi-enclosed coastal 
embayments by human overexploitation and pollution 
appears likely to have resulted in a consistent series of 
temporal changes, worldwide. This has commenced with 
the loss of large animals and ended with simplified 
and degraded ecosystems with low resilience to further 
impacts. 

3. A wide range of potential sources and tools are listed in 
this Review (Table 1) but when researching a particular 
embayment, not all of these will be available or applicable 
because different sources or tools provide different types 
of information. Which types of information are sought 
by researchers will depend on the specific goals of the 
study, the individual characteristics of the embayment 
and its environmental history, and the records available 
for that location. Consequently, it is inappropriate for us 
to advocate any particular tools over others, as the most 
appropriate will be contingent on these factors. 

4. The list of environmental problems given in Table 2 could 
be used to identify potential missing elements (e.g. marine 
megafauna, shellfish) or processes (e.g. water filtering by 
extensive shellfish beds) or damaging processes in any 
particular contemporary embayment to help define the 
historical extent of environmental change. In some cases, 
species key to ecosystem function in the past may have 
been completely lost, fundamentally changing the ecosys-
tem, thereby potentially changing both restoration goals 
and what may be possible for restoration to achieve. 

Table 1 can then be used to identify potential sources of 
evidence of past ecosystem conditions that may be 
applicable to any particular coastal embayment and 
which may provide evidence of the past existence of 
potentially missing elements derived from Table 2. 

5. A more complete understanding of environmental change 
enables managers and communities to understand con-
temporary resilience and integrity of coastal embayment 
ecosystems and then develop successful strategies to 
improve their biodiversity and ecosystem function. 
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