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Marine Historical Ecology
Informing the Future by Learning from the Past

Heike K. Lotze and Loren McClenachan

e all learn about history in school. Knowing about our past broadens our view, helps
us understand past actions and their consequences, and can prevent us from repeating
past mistakes. As George Santayana (1905) said, “Those who cannot remember the
past are condemned to repeat it.” Usually we learn about the history of people on this
planet: how we evolved, how we spread around the world, and how we fought wars and
conquered one another. History is generally about our culture and societal changes,
but rarely about our effects on the environment. And if it is about human effects on the
environment, then it is commonly focused on the terrestrial environment. For example,
J. Donald Hughes'’s excellent book An Environmental History of the World (2001) deals
almost exclusively with human effects on the terrestrial world, such as deforestation,
soil salinization, and the loss of large game. What about the history of human interac-
tions with and influences on the ocean?

Humans are exerting many pressures on marine ecosystems today that can be readily
observed. Just think about the overfishing, pollution, nutrient loading, habitat altera-
tions, invasive species, and climate change that are occurring in most parts of the global
ocean to varying degrees (see Chapters 19 and 20). Yet the ocean, people’s interactions
with it, and its living creatures have undergone a long history of change that is often
much less visible. Over the past hundreds, thousands, and millions of years, the ocean
and life within it have naturally evolved and changed. People throughout history have
harvested marine resources for food, fuel, clothing, medicine, and ornaments, trans-
formed coastal habitats, influenced water quality, and transplanted marine species. Over
time, such changes have altered the abundance of many marine populations and the
structure and functioning of marine ecosystems (Figure 8.1). Therefore, to fully under-
stand the current state of marine ecosystems, we need to know their long-term history.
Moreover, to properly manage and protect today’s oceans and to make informed deci-
sions about their future, we need to understand the causes and consequences of past
changes. In this way, marine historical ecology is similar to climate change research, for
which we need long-term records of past temperatures or CO, concentrations to make
inferences about current states and potential future trends.

There are three major reasons why we need to know about the ocean’s past:

1. To determine historical reference points and long-term trajectories of change, we
need to understand the past abundance and distribution of marine species and the
structure of ocean ecosystems.

2. Tojudge the current state of marine ecosystems, we need to understand the magni-
tude and range of changes that have already occurred.

3. To better inform the future, we need to understand the drivers and consequences of
past changes.
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Figure 8.1 What was natural? lllus-
tration of the degradation of coral reef
ecosystems from past (left) to modern
(right) conditions due to human im-
pacts including the effects of overex-
ploitation, habitat destruction both on
land and in the sea, nutrient loading,
and water pollution. (Based on Pandolfi
et al. 2003, 2005. Image courtesy of the
Smithsonian Institution.)

If we don’t understand the
history of human effects on the
ocean, we are condemned to re-
peat it, but how can we know the
ocean’s past? Fortunately, many
past human activities have left
traces in paleontological, archae-
ological, and historical records,
whereas others can be recon-
structed using modern scientific
methods such as genetic analyses,
hindcasting, or modeling. This
chapter introduces you to the new
multidisciplinary research field of
marine historical ecology, which
aims to reconstruct past ecosys-
tems and the history of change in
the ocean. First, we describe the
origin and development of ma-
rine historical ecology. Next we
outline the different disciplines,
data records, and analytic methods used to reconstruct the
past. We then present a range of major results and insights
gained from historical case studies and syntheses. Finally,
we discuss the application of this historical knowledge
in science, management, and conservation as well as in
teaching and communication. Overall, it is our hope that
you will learn about the important and fascinating insights
one can gain from studying the ocean’s past, appreciate
the long-term history of human-induced changes in ma-
rine ecosystems, and use that knowledge to contribute to
a better future for the blue planet.

Origin and Development of
Marine Historical Ecology

The new research field of marine historical ecology has
its roots in both the natural sciences and the humanities.
Researchers from such different disciplines as ecology,
fisheries science, history, archaeology, and paleontology
now work together and inspire one another to unravel
the ocean’s past. In the late twentieth century, several re-
searchers began to think about the longer-term history of
the sea (Pauly 1995; Jackson 1997; Carlton 1998; Dayton et
al. 1998). With the increasing signs of human impacts, it

became clear that the ecosystems we are studying today
are not at all “natural” anymore, but heavily altered by hu-
man activities. For example, paleoecologist Jeremy Jackson
(1997) demonstrated in his paper “Reefs since Columbus”
that Caribbean coastal ecosystems were severely degraded
by about 1800, long before ecologists began to study them,
and had suffered severe losses in large vertebrates such as
green turtles, hawksbill turtles, manatees, and the now-
extinct Caribbean monk seal. He remarked that studying
grazing and predation on corals reefs today is like trying
to understand the ecology of the Serengeti by studying the
termites and the locusts while ignoring the elephants and
the wildebeests. Two years earlier, fishery scientist Daniel
Pauly (1995) hypothesized in his paper “Anecdotes and
the Shifting Baseline Syndrome of Fisheries” that histori-
cal amnesia has contributed to a shift in our perception of
what is natural toward more and more degraded ecosys-
tems. Thus things that we perceive as natural today, such
as the abundance or size of fish, may be drastically differ-
ent from what our parents and grandparents thought of as
natural (Figure 8.2).

In 1999 Jeremy Jackson brought together ecologists,
historians, archaeologists, and paleontologists in a multi-
year working group called “Long-Term Ecological Records
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of Marine Environments, Populations and Communities”
at the National Center for Ecological Analysis and Syn-
thesis (NCEAS) in California. In 2001 their first seminal
paper, “Historical Overfishing and the Recent Collapse of
Coastal Ecosystems,” was published in Science and made
news around the world. Because of the wealth of interest
and research possibilities, the group expanded and split
into three subgroups publishing on the long-term history
of coral reefs (Pandolfi et al. 2003), kelp forests (Steneck et
al. 2002), and estuaries and coastal seas (Lotze et al. 2006).

At about the same time, historian Poul Holm, together
with several other historians, ecologists, and archaeolo-
gists, founded the History of Marine Animal Populations
(HMAP) program under the Census of Marine Life (Holm
et al. 2010). Since 2000, HMAP has grown into a network
of more than 100 scientists around the world, working on
research projects on specific regions or taxa and building
a new discipline by teaching summer schools, training
graduate students, publishing scientific articles and books,
organizing the biannual Ocean’s Past conference, and en-
gaging in outreach.

The past Gulf of California for
the middle-aged fisher (1970s).

The past Gulf of California for
the young fisher (1990s).
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Figure 8.2 lllustration of the shifting baseline syn-
drome and the change in living memory from old to
young fishermen in the Gulf of California. (Based on Saenz-
Arroyo et al. 2005. Courtesy of Anne Randall, Pier Thiret and
Juan Jesus Lucero, 2005, with permission of Comunidad y
Biodiversidad, A.C))

The past Gulf of California
for the old fisher (1940s).

Currently, the field of marine histori-
cal ecology continues to grow as more and
more scientists incorporate a historical per-
spective into their research projects to place
current results in a larger temporal context.
Parallel developments have occurred in
the field of marine environmental history
as more historians have brought in scien-
tific perspectives and included the changing
oceans in their analysis of social changes
in coastal communities. Many conferences
host special symposia on historical ecology
or environmental history. Several scientific
journals publish special issues highlight-
ing historical perspectives, and an increas-
ing number of scholarly and popular books
concerning historical ecology (e.g., Roberts
2007; Rick and Erlandson 2008; Starkey et
al. 2008; Jackson et al. 2011; Bolster 2012)
are reaching a growing audience in aca-
demia and the general public. And slowly
but surely, marine historical ecology is mak-
ing its way into textbooks, such as this one.

How We Can Learn about the Past

There are many different ways to gain insight into the
ocean’s past. This section outlines the different research
disciplines involved in studying the past and highlights
the kinds of information that can be extracted, the meth-
ods that can be used, and how the available data can be
analyzed. Paleontologists, for example, analyze fossils and
sediment cores to derive tracers of environmental change;
archaeologists excavate animal remains and human arti-
facts at former settlement sites; and historians investigate
early illustrations or narrative descriptions of what people
saw, caught, and sold. Each discipline can gain insight into
a particular time period (Figure 8.3). For example, historical
data usually span the past few centuries, since they consist
of written sources, whereas archaeological data can reach
back several thousand years, depending on the length and
density of former human occupation. Each discipline has
its strengths and weaknesses (Table 8.1; Lotze et al. 2011¢),
as there are different biases in the availability, preserva-
tion, collection, and analysis of data. However, they all
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Figure 8.3 The availability of data has exponentially increased
over time (solid line); however, modern scientific data usually cover
only the last 20-50 years (dark green bar), yet data from different
disciplines can be used to reconstruct the past and expand the
timeline of information. (After Lotze and Worm 2009.)

provide valuable data about the past, which complement
one another and can be pieced together to reconstruct a
long-term history of ecological changes. We highlight here
how results from different disciplines can be analyzed and
integrated to develop a comprehensive understanding of
the past that stretches from deep time to the present (Table
8.2). As we will see, results from different disciplines or
analytic approaches can corroborate one another, thereby
making the conclusions drawn more reliable, but they can

also contradict one another and thus open up more re-
search questions. We start with disciplines analyzing the
deep past and then move toward modern times.

Paleontological data

Paleontologists generally analyze data that span the deep
or geologic past over thousands and millions of years. Their
primary data source is the sedimentary record, from which
they extract fossils, fish scales, shells, plant seeds and pollen
in distinct layers across time, as well as biochemical trac-
ers of organisms that are not fossilized, and in some cases
even ancient DNA. Moreover, minerals, trace elements, and
isotopes can be used as proxies to reconstruct past changes
in climate and productivity. Such sedimentary records can
be gathered either from sediment cores drilled into the sea-
floor or on land where former seafloor sediments have been
exposed at some point in the past due to geologic uplift. Be-
cause layers of sediment are deposited over distinct periods,
the age of each layer can be determined by various methods
such as radiometric dating, the first and last occurrences
of fossils, and climate records based on stable isotopes or
pollen. Most sediments are mixed to some extent by bur-
rowing organisms, but some annually laminated deep-sea
sediments in anoxic basins have been shown to preserve
bimonthly environmental records that span many thou-
sands of years (Haug et al. 2003). Another source of data for
paleontologists is the skeletal growth bands of long-lived
organisms such as corals and molluscs. Because they grow
incrementally every year, they show growth layers just like
tree rings. In addition, the isotopic or trace elements in the
layers of a coral core can be analyzed to determine the en-
vironmental conditions when each layer was formed (Swart
and Grottoli 2003).

The relative abundance of isotopes and minerals in
different sedimentary or coral layers can be used to re-

Comparisons of data sources used by the different disciplines involved in

marine historical ecology

SPATIAL EXAMPLE IN
DATA SOURCE DATATYPE? BIAS® TIME SCALE€ RESOLUTIONY SCALE® THIS CHAPTER
Paleontological data O,R B, EM Short-long High-low Small Figure 8.4
Archaeological data O, R B, E, H, M Short-long Medium-high Medium Figure 8.5
Historical data O,R A H M Short-long High Medium-large  Figures 8.6, 8.7
Fisheries/hunting records O, R, A H M Short-medium High Medium Figures 8.8, 8.9
Scientific surveys O, R A H M Short High Medium Figure 8.10
Living memory O, R H M Short Medium-high Medium Figure 8.11
Genetic data O,R A B,M Long Low Large Figure 8.12

Source: Lotze et al. 2011c.

“Data type: O = occurrence (presence, absence), R = relative abundance, A = absolute abundance
bBiases: B = biological (depending on species, e.g., selective preservation), E = environmental (depending on environment, e.g,, selective preservation), H = huran (depending on

activities, e.g,, selective use / interest), M = methodology (depending on analytic method)

“Time scale: long (>1000 years), medium (100-1000 years), short (<100 years)
dResolution: high (yearly or less), medium (decadal to century), low (millennial)
€Spatial scale: large (>1000 km), medium (1-1000 km), small (<1 km)
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APPROACH

Temporal comparison

Time-series analysis

Hindcasting

Space-for-time
comparisons

DESCRIPTION

Point estimates of past and present species abundance, distribution, or size can be compared
as “Then”versus “Now." Such comparisons provide valuable insight into past changes, yet
cannot decipher temporal variation or whether the past estimate represents a true baseline
without considering the historical context.

Time series of absolute or relative abundance, distribution, or size can indicate trends and
fluctuations over time, which can be analyzed statistically, along with records of putative
drivers such as fishing or climate. Time series can be combined into longer or more robust
series or compared meta-analytically in search of general patterns. The length (tens, hundreds,
or thousands of years) and historical context of the series need to be considered when
making inferences about baselines.

If estimates of present species abundance, historical catch data, and information on life
history, such as recruitment, growth rate, or natural mortality, are available, we can back-
calculate former abundance using simple population models. Related approaches include
the calculation of virgin biomass or carrying capacity. Past abundance estimates can also be
calculated based on historical habitat availability or ecosystem configuration. Abundance—
body mass relationships (size spectra) have also been used to estimate the potential
abundance of marine animal populations under unexploited conditions.

Unexploited regions in the ocean should reflect former abundance, size, and species
composition in exploited regions, assuming that other conditions are similar. Surveys across
spatial gradients of exploitation can therefore provide insight into how exploitation changes
population abundance and ecosystem structure through time.

Different approaches to combining or comparing data to reconstruct the past

EXAMPLES

Figures 8.6, 8.7B,
8.10

Figures 84, 8.5,
8.7A, 88,811,
8.14,8.15

Figures 8.9,8.12,
8.178

Friedlander and
DeMartini 2002;
Sandin et al.
2008

Source: Lotze and Worm 2009.

construct past climatic and environmental variation. For
example, the oxygen isotope O is a common proxy for
determining past temperatures and reconstructing pa-
leoclimates (Figure 8.4A; Haug and Tiedemann 1998).
Likewise, strontium and titanium can be used as prox-
ies for paleosalinity and the amount of precipitation and
river runoff over thousands of years (Haug et al. 2003).
The concentration of N isotopes in lake sediment cores
from Kodiak Island in Alaska has been used to recon-
struct the abundance of sockeye salmon (Oncorhynchus
nerka) over the past 2200 years (Finney et al. 2002). Be-
cause sockeye salmon feed in the marine environment and
die after spawning in lakes, they transport marine-derived
5N isotopes upstream, where they are deposited in lake
sediments. The results showed a multi-century decline in
sockeye salmon from 100 BC to AD 800 and consistently
higher abundances from AD 1200 to AD 1900. These shifts
were linked to changes in climate and productivity in the
Pacific Ocean and provide a baseline for natural long-term
variation against which recent human-induced changes
can be compared.

When fossils or other remains of species are found in
the sedimentary record, they provide important informa-
tion about when and how rapidly species first appeared or
went extinct and how relative abundances of species and
higher taxa changed over time. The sedimentary record
thus represents a rich archive that can be used to analyze
past population and community changes. Some fossil re-
cords show large fluctuations in population abundance,
such as that of the Caribbean planktonic foraminiferan

Globorotalia miocenica. Between 2.8 and 2.3 million years
ago (see Figure 8.4A), it was more abundant during glacial
periods, repeatedly dipped to low population abundances
during interglacial periods, and ultimately became extinct
globally during one of these episodes (Norris 1999). Using
such data from the fossil record for a wide range of spe-
cies, background rates of extinction have been estimated
at 0.1-1.0 marine species per thousand species per millen-
nium over evolutionary time scales, whereas the current
rate of species extinctions is thought to be about a thou-
sand times higher (Millennium Ecosystem Assessment
2005). Past mass extinctions were most likely linked to
sudden changes in climatic or environmental conditions,
whereas most marine extirpations and extinctions in the
nineteenth and twentieth centuries were caused by ex-
ploitation and habitat loss, with lesser effects of pollution,
species invasions, disease, or climate change (Harnik et
al. 2012). Thus the fossil record can provide an important
baseline for placing recent changes in perspective.

In addition to natural changes, the sedimentary re-
cord can be used to analyze human-induced changes in
marine environments over past centuries and millennia.
For example, the concentrations of terrestrial pollen in
each sediment layer can be used to determine changes in
sediment loading due to land clearing (Cooper and Brush
1993). Eutrophication can be measured by analyzing the
ratio of centric to pennate diatoms in sediment cores.
Centric diatoms are generally planktonic and more preva-
lent in nutrient-rich, eutrophic waters, whereas pennate
diatoms inhabit the seafloor and prefer more oligotrophic
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Figure 8.4 Uses of data from paleontological records. (A) Climate e Centricpennate diatoms
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Site 999, Caribbean Sea. (B) Estuarine pollution. Reconstruction of
anthropogenic effects on water quality in Chesapeake Bay over the
past 2000 years. Data from sediment cores indicate strong increases
in the sedimentation rate (black), the ratio of centric to pennate
diatoms as a proxy for eutrophication (red), and the content of sulfur
as a proxy for anoxia (blue) after European settlement in the seven-
teenth and eighteenth centuries. (A after Norris 1999 and Haug and
Tiedemann 1998; B, data from Cooper and Brush 1993 for Core R4-
50; figure after Lotze et al. 2011¢).

conditions (Cooper and Brush 1993). The total amount of
organic carbon and nutrients in sediment cores provides
a further indication of eutrophication, and the amounts
of sulfur and pyrite serve as proxies for hypoxia and an-
oxia. Using all these indicators, Cooper and Brush (1993)
showed that water quality in the Chesapeake Bay dete-
riorated quickly in the seventeenth and eighteenth cen-
turies after permanent European settlement (Figure 8.4B).
Similarly, McCulloch and colleagues (2003) used the ratio
of barium to calcium in coral cores from the inner Great
Barrier Reef as a proxy for sediment fluxes from river run-
off to show that sedimentation strongly increased after
permanent European settlement and land clearing.

All these paleontological data can provide quantifiable
evidence of environmental and ecological change over
very long time scales, which can be invaluable for plac-
ing current changes in context so that we may better dis-
tinguish the natural, long-term variability of ecosystems
from more recent anthropogenic effects. There are some
limitations, however (see Table 8.1). First, the spatial scale
of drilled cores can be very small, and the temporal reso-
lution of paleontological data varies among regions and
environments. While deep-water microfossil deposits can
provide high-resolution records of past environmental
change on a global scale, they tend to include only a small

Centric:pennate diatom ratio

number of species. In comparison, shallower-water mac-
rofossil assemblages are much coarser in temporal resolu-
tion, but can be more diverse and include many commer-
cially important groups. Second, the fossil and subfossil
record generally consists of species that have hard parts,
such as shells and bones that are preserved over time; as
a result, some groups have higher preservation probabili-
ties than others. Furthermore, the quality of preservation
depends on the environment of deposition and the extent
of subsequent alteration (Valentine et al. 2006). Thus there
is a clear bias in what kinds of species can be analyzed.
Third, although the fossil record can provide essential data
on the presence or absence of species, information about
relative, and particularly absolute, abundances is more
limited (Kidwell and Flessa 1995). Only where variations
in sedimentation rates can be precisely determined and
fossil preservation is relatively unchanging, as in many
deep-sea sediments and lake environments, is it possible
to determine the flux of organisms to the bottom and cre-
ate highly accurate determinations of microfossils’ relative
and absolute abundances (Sexton and Norris 2008).

Archaeological data

Archaeologists excavate and analyze plant, animal, and
human remains found in caves, graves, or buried in the
sediment of former occupation sites. Plant remains, in-
cluding pollen and seeds, provide information on wild or
cultivated plant use as well as the natural vegetation in
the area. Animal remains, including shells, bones, scales,
teeth, and hairs, reflect the species that were used for food,
medicine, ornaments, or other purposes. They can also
reveal information on the size, age, relative abundance,
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and spatial and seasonal distribution of the animals used.
Cultural artifacts such as fishhooks or spears indicate the
kinds of tools and technology that were used for hunt-
ing and fishing. In many so-called coastal shell middens,
such remains were deposited year after year over several
hundreds or thousands of years, sometimes by more than
one culture. Therefore, archaeologists can uncover ditfer-
ent layers of past occupation, which can be dated by vari-
ous methods such as radiocarbon dating. Such stratified
shell middens are great archives of past information about
human technology, cultural practices, resource use, and
environmental conditions.

One such archaeological study comes from the Channel
Islands of southern California. In Daisy Cave, Erlandson
and colleagues (2004) found the remains of more than 150
species of marine and terrestrial animals from over the past
11,000 years. Some of these species, which were used by
former inhabitants as resources, are extinct today, and the
relative abundances of others have changed over time. As
human populations grew and technology improved, fishing
increased in importance, and about 1500 years ago, fisher-
ies expanded into deeper waters, targeting larger offshore
species (Rick et al. 2008). Similar trends toward an increase
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in marine fisheries and a spatial expansion farther offshore
as well as in deeper waters have been documented in ar-
chaeological records from other parts of the world, such as
southern Taiwan (Kuang-Ti 2001), Great Britain (Barrett et
al. 2004), the Wadden Sea (Lotze 2007), and around the
North Atlantic (Perdikaris and McGovern 2008).

Over the past decade, more and more archaeological
studies have revealed telltale signs of local resource de-
pletion that coincided with increasing human populations
(Rick and Erlandson 2008). For example, in the Emeryville
shell mound in San Francisco Bay, the highly valued white
sturgeon (Acipenser transmontanus) and several goose
species declined in relative abundance between 2600 and
700 years ago (Figure 8.5A) and were replaced by smaller,
less valued species (Broughton 1997, 2002). Moreover, the
average size and age of sturgeon, as indicated by their
dentary width, also declined over time. Similarly, shell
middens in Puerto Marqués, Mexico revealed the decline
and subsequent disappearance of sea turtles (Chelonidae)
between 5500 and 2300 years ago (Figure 8.5B; Kennett et
al. 2008). And in New Zealand, bone remains of fur seals
(Arctocephalus fosteri) from 800 to 200 years ago suggest
that Maori hunters extirpated fur seals from the North Is-
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Figure 8.5 Uses of data from archaeological records.

(A) Change in the relative abundances of sturgeon and geese in
the Emeryville shell mound, San Francisco Bay, California, from
the oldest (-10, ca. 2600 BP) to the youngest (-1, ca. 700 BP)
stratum. (B) Numbers of individuals identified from sea turtle
remains in Acapulco Bay, Mexico, from over 4000 to 2500 years
ago. (C) Average body lengths of Atlantic cod in the coastal

Gulf of Maine based on archaeological records (the earliest five
points) and recent fisheries data (the last three points). The verti-
cal bars are standard errors, and the horizontal bars represent the
time range of data for a single interval of observations. (A data
from Broughton 1997, 2002, after Lotze et al. 2011¢; B after Ken-
nett et al. 2008; C after Jackson et al. 2001.)
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land by AD 1500, and then also from large parts of the
South Island, resulting in a contraction of their range to
less than 10% of its former extent by 1790 (Smith 2005).
Historical exploitation by the European sealing industry
further reduced the range and numbers of fur seals until
protection was implemented in 1873. In contrast, in the
Gulf of Maine, the average length of Atlantic cod (Gadus
morhua) used by indigenous people remained at about 1
meter in length for 4000 years until intensive fishing by
Europeans (Figure 8.5C; Jackson et al. 2001). Yet a detailed
study in Penobscot Bay revealed a decrease of apex preda-
tors (mainly cod and swordfish) and an increase of meso-
predators (flounder, sculpin) over the past 4350—400 years
(Bourque et al. 2008).

From these and other records it has become clear that
modern humans have heavily utilized and influenced
coastal environments for much longer than previously
thought (Rick and Erlandson 2008). Archaeological evi-
dence of marine fishing, harvesting, and hunting has been
dated back more than 100,000 years to the last intergla-
cial period. Although prehistoric hunters and fishermen
had simple tools and relatively small populations, an in-
creasing number of studies show that their exploitation
had substantial effects on local marine animal abundance,
distribution, and size long before the onset of commercial
and industrial exploitation. On the other hand, not all ar-
chaeological records indicate resource depletion, and not
all fluctuations are related to humans. On the Aleutian Is-
lands, for example, remains of seabirds showed long-term
climate-driven population fluctuations that were superim-
posed on local overhunting of accessible breeding colonies
(Causey et al. 2005). Similarly, in the North Sea, several
fish species showed climate-related fluctuations over the
past 9000 years, which mirror recently observed shifts re-
lated to warming (Enghoff et al. 2007).

Like paleontological records, archaeological data have
advantages and disadvantages. These data provide some
of the longest consistent time series describing human
exploitation of coastal ecosystems, extending over hun-
dreds to thousands of years, with a resolution of decades
to centuries (see Table 8.1). The available records gener-
ally represent the local environment at small to medium
spatial scales. Shell middens may represent one of the best
data sources about coastal ecosystems over the last 15,000
years, since rising postglacial sea levels have drowned,
damaged, or destroyed much of the paleontological record
for such ecosystems except in areas of active tectonic uplift
(Pandolfi 1999). The faunal record they contain, however,
is biased toward species that have had some resource value
to humans and toward those species whose remains have
been well preserved, which depends on soil and other
geomorphic characteristics. Variation in the excavation
and analytic techniques applied can also influence the
quality and quantity of data. Moreover, burrowing ani-
mals, plowing by farmers, and other physical disturbances
can cause a mixing of the stratigraphic layers, thereby lim-

iting the temporal resolution of the record. These factors
limit our ability to accurately estimate a species” former
abundance, yet excavated animal and plant remains still
provide highly valuable records of their occurrence, size,
age, and relative importance (see Table 8.1).

Historical data

Historians use a wide range of surviving written accounts,
such as historical reports by early naturalists, travelers, or
government officials, logbooks from fishing and whaling
vessels, trade or customs accounts, and even newspapers,
cookbooks, and restaurant menus, which can be found in
libraries, archives, and museum collections. Other impor-
tant sources of information are illustrated materials, in-
cluding maps, drawings, paintings, photographs, and older
artwork such as cave paintings, wall carvings, and monu-
ments made of whale bones and other animal remains. As
well, more organized government records can provide im-
portant information on catches and trade, on taxes paid or
the amount of salt used to cure the caught fish, on the gear
and technology used, and on regulations that were imple-
mented. Such records became more detailed and sophisti-
cated over time, eventually leading to modern fisheries and
hunting statistics (Smith 1994; Lotze 2007). Historians have
typically used these sorts of records to reconstruct and
trace the lives and activities of people in historical times,
but they also can be used to infer changes in marine spe-
cies and ecosystems (Al-Abdulrazzak et al. 2012).
Historical records can provide insight into the former
occurrence, distribution, and abundance of a species as
well as on the influences human activities had on species
used for food, fuel, fashion, or other purposes. For exam-
ple, McClenachan and colleagues (2006) used narratives
and descriptions of former seafarers, pirates, and natural-
ists together with archaeological data to reconstruct the
former distribution of major and minor nesting beaches of
sea turtles across the Caribbean (Figure 8.6A,B). Compar-
ing these historical data with modern records revealed that
today’s populations of about 300,000 green turtles (Che-
lonia mydas) and about 30,000 hawksbill turtles (Eretmo-
chelys imbricata) represent only about 0.3% of their histori-
cal abundance. Similar data were used to reconstruct the
former distribution of the Caribbean monk seal (Monachus
tropicalis) as well as its gradual range contraction and final
extinction (Figure 8.6C; McClenachan and Cooper 2008).
Other studies use old logbooks and maps from whaling
vessels to reconstruct the former distribution and abun-
dance of whales in the ocean. One such study suggests
that the historical feeding range of humpback whales
(Megaptera novaeangliae) in the North Atlantic may have
extended to the Mid-Atlantic Ridge, which is very different
from today’s coastal migration routes (Reeves et al. 2004).
Northern right whales (Eubalaena glacialis) used to occur
on both sides of the North Atlantic, but a long history of
intense whaling from AD 1000 to the early twentieth cen-
tury extirpated the population on the eastern side, leaving
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only a small population of 300-400 individuals remaining
on the western side today, about 3% of the estimated pre-
whaling abundance (Reeves 2001). In a similar manner,
whaling for southern (Eubalaena australis) and North Pa-
cific right whales (Eubalaena japonica) rapidly expanded in
the nineteenth century and quickly depleted their popula-
tions to very low numbers (Josephson et al. 2008).
Historian Richard Hoffmann (1996, 2001) used a range
of illustrated and written sources to reconstruct changes
in the marine and freshwater fisheries of medieval Europe.
He was able to show that the formerly preferred freshwa-
ter and migrating fishes, such as salmon and sturgeon,
became first depleted and then scarce in the Middle Ages
due to overexploitation, habitat destruction, and water
pollution. As a consequence, people implemented fisher-
ies regulations, but also introduced carp aquaculture from
Asia and expanded their fisheries for marine species, such
as herring, cod, and tuna, around Europe (Hoffmann
1996, 2001). A similar shift from freshwater to marine

Figure 8.6 Historical records (blue circles) compared to modern
records (black triangles) from the Caribbean show a loss of nest-
ing beaches for (A) green turtles (Chelonia mydas) and (B) hawksbill
turtles (Eretmochelys imbricata). In addition, historical records of dif-
ferent time periods demonstrate the contraction of the range of (C)
Caribbean monk seals (Monachus tropicalis), now extinct. (A,B after
McClenachan et al. 2006; C after McClenachan and Cooper 2008.)

fisheries in medieval time was found in archaeological
remains in Great Britain (Barrett et al. 2004), and several
studies demonstrate similar early declines and extirpa-
tions of former populations of salmon, sturgeon, shad, and
other migrating fish in Europe and Atlantic North America
(Lotze 2005, 2007; Saunders et al. 2006). More recently,
Bolster (2012) described the purposefully destructive na-
ture of North Atlantic fisheries and how marine fisheries
in the age of sail expanded from Europe throughout the
North Atlantic.

Historical records of bankers, financiers, and tax collec-
tors enabled Ravier and Fromentin (2004) to reconstruct a
300-year record of bluefin tuna (Thunnus thynnus) catches
in the Mediterranean. While long-term fluctuations be-
tween 1650 and 1950 were probably driven by changes in
temperature, strong recent declines were due to overex-
ploitation (MacKenzie et al. 2009). Holm (2005) used fish
inspectors’ reports, tax records, and archival information
to reconstruct changes in inshore haddock (Melanogram-
mus aeglefinus) stocks in the Danish Wadden Sea. In 1562,
catches were 1200 metric ton and remained stable for a
century before declining to 500 metric tons by the eigh-
teenth century and zero in the twentieth century. Today
the fishery operates far offshore because inshore stocks
are nonexistent. Likewise, the handline haddock fishery
around Helgoland in the southern North Sea caught more
than a million haddock in the late eighteenth century,
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while landings dropped to less than a hundred thousand
in the late nineteenth century, to a few thousand around
1900, and ceased to exist by 1910 (Figure 8.7A; Lotze 2005).
On the other side of the Atlantic, Hutchings and Myers
(1995) reconstructed historical catches and harvest rates of
Atlantic cod (Gadus morhua) in Newfoundland from 1500
to 1991 and showed that the first signs of overfishing ap-
peared in the mid-1800s. Using detailed logbook infor-
mation from fishing schooners, Rosenberg and colleagues
(2005) estimated the biomass of cod on the Scotian Shelf
in the 1850s at around 1.2 million metric tons, which is
three to four times greater than their maximum abun-
dance in the 30 years before the collapse of the fishery in
1992 (Figure 8.7B). This historical biomass estimate was
corroborated by an analysis of cod carrying capacity on
the Scotian Shelf (Myers et al. 2001). Finally, McClenachan
(2009) used historical photographs to document the de-
cline of large trophy fish in the Florida Keys from 1956 to
2007. The mean size of fish caught declined from 19.9 to
2.3 kg, and the species composition of catches changed
from large groupers, sharks, and other large predatory fish
in the 1950s to small snappers in the 2000s.

All of these examples show that historical data are in-
valuable for understanding the former distribution and
abundance of species and the rise and fall of past fisher-

Figure 8.7 Historical records show declines in fish catches. (A)
Decline of haddock landings in the handline fishery near Helgoland,
in the southern North Sea, from the late eighteenth to early twenti-
eth century. (B) Estimate of historical biomass of Atlantic cod on the
Scotian Shelf based on logbook data from 1852 (with confidence
interval), estimated carrying capacity (based on Myers et al. 2001),
and recent biomass estimates from fisheries-independent research
surveys from 1970 to 2000. (A after Lotze 2005; B after Rosenberg et
al. 2005.)

ies. In some cases, if the records are detailed and precise
enough, they can be used to estimate the relative or even
absolute abundance of commercially important species.
Historical data often have a high temporal resolution, yet
consistent records usually cover only short periods (see
Table 8.1). Moreover, historical records are generally bi-
ased by people’s selective interest in species that could be
utilized in one way or another. The spatial scale can range
from very local to global depending on the record and spe-
cies considered (see Table 8.1).

Fisheries and hunting records

In the nineteenth and twentieth centuries, people began
to compile more detailed and systematic fisheries and
hunting statistics, including records on the species and
numbers caught, their size and weight, and in some cases
the gear and effort used (Goode 18841887, Smith 1994).
These data often provide the best and most consistent
long-term quantitative data available for the recent and
historical past (see Table 8.1), yet they are biased toward
species of greatest commercial and recreational interest
and depend on the accuracy of reporting and other factors.
Unstandardized catches, for example, can be influenced by
the gear used, the fishing effort, and the interests involved,
as well as by market forces and management restrictions.
Therefore, catch data alone do not directly reveal trends in
abundance, but can still provide valuable insight into the
beginning, peak, and end of a fishery.

Over time, fisheries scientists have developed a variety
of analytic methods to more accurately infer past trends
in abundance from catch data (Smith 1994). For example,
records of fishing effort can be used in combination with
catch size to calculate standardized rates of catch per
unit effort (CPUE) as a measure of relative abundance
over time. This approach was used in a study on histori-
cal changes in the groundfish and lobster fisheries in the
outer Bay of Fundy (Lotze and Milewski 2004). In both
fisheries, total catches increased in the late nineteenth
century and declined in the first half of the twentieth
century, while the number of fishing boats and handlines
in the groundfishery and the number of traps in the lob-
ster fishery continuously increased. Therefore, calculated
CPUEs showed even stronger declines, indicating that
both groundfish and lobster stocks were already severely
depleted by the early twentieth century (Figure 8.8). In-
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creasing catches in the second half of the twentieth centu-
ry were achieved only by moving farther offshore in both
fisheries and by using more efficient otter trawls in the
groundfishery, whereas for lobsters, release from predation
due to declining groundfish stocks also contributed to the
recent increase in landings (Lotze and Milewski 2004). In
a study from the Mediterranean, Ferretti and colleagues
(2008) combined several commercial and recreational fish-
ing and sighting records to analyze changes in CPUE of
large sharks over the past century. Their results suggest
long-term declines of 96-99%. Similarly large declines in
large sharks in the twentieth century in the northwest-
ern Atlantic (Myers et al. 2007), the Gulf of Mexico (Baum
and Myers 2004), and the tropical Pacific (Ward and Myers
2005) have been documented using different data sources.

In the case of marine mammals, hunting records from
the whaling and sealing industries have been used to re-

harbor seals had reached carrying capacity; yet a

reconstruction of their former abundance based
on hunting records suggested that there were probably
around 37,000 individuals in 1900 (Reijnders 1992).

All these examples show that fisheries and hunting sta-
tistics, if used and analyzed in a meaningful way, can pro-
vide great insight into past trends in fisheries and changes
in population abundance.

Scientific surveys

Beginning in the mid-nineteenth and early twentieth cen-
turies, scientists began to study marine animals and plants
more systematically. The resulting biological records include
species lists and data on the abundance, distribution, and
life history characteristics of certain species as well as on
environmental parameters, such as water temperature. Such
investigations are often episodic and short-term in scope
(see Table 8.1), but useful when compared with more re-
cent ones if similar sampling methods were applied, if one
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can correct for the differences in methods, or if modern
methods can be adapted to simulate those in the past. For
example, comparing historical and recent species lists can
provide insight into the number of species extirpations or
introductions (Lotze et al. 2005, 2006). A comparison of
two plankton sampling episodes from the 1930s and 1990s
in the outer Bay of Fundy (Figure 8.10A) revealed that pat-
terns of phytoplankton abundance shifted from formerly
dominant spring blooms to more prevalent fall blooms, and
that species composition shifted from the past dominance

Figure 8.9 Uses of whaling and hunting records. (A) Reconstruc-
tion of the historical abundance of southern right whales from the
start of whaling in 1770 to 1997, using estimates of current abun-
dance and historical catch records along with a basic population
growth model with different values of maximum net reproduction
(4. Back-calculated total cumulative catches of 150,375 whales
from 1790 to 1980 are plotted in red (dashed line). (B) An expanded
scale or abundance for 1880 to 1997. The downward arrow points
to the year of minimum population size, and the dotted line shows
the predicted recovery if there had been no illegal hunting by the
Soviet Union. (C) Back-calculation of the number of harbor seals in
the Wadden Sea from 1900-1960 based on historical hunting re-
cords and a population model. The model assumes different rates of
exponential population increase: r = 0.05 (black dashed line), r=0.12
(red line), and a sliding r from 0.05 in 1900 to 0.09 in 1960 (blue line;
data from Reijnders 1992). For comparison, monitoring data for the
population (black solid line) are available since the 1960s (data from
Lotze 2005, Trilateral Seal Expert Group 2011). (A,B after Baker and
Clapham 2004; C after Reijnders 1992 and Lotze 2005.)

of nonharmful diatoms to a greater proportion of dinofla-
gellates and harmful species, which are common signs of
eutrophication (Lotze and Milewski 2004). In another ap-
proach, Reise and colleagues (1989) rebuilt former sam-
pling gear to repeat a historical oyster bank survey, thereby
demonstrating that with the loss of former oyster banks,
the complexity and diversity of the benthic community
decreased.

Because such research survey or monitoring data from
before the 1960s are rarely available, they typically reflect
conditions long after exploitation or other human impacts
began and therefore rarely provide insight into historical
baselines. In some cases, however, research surveys were
performed earlier and cover an extended period of time. For
example, Ferretti and colleagues (2013) combined and stan-
dardized catch data from five scientific research surveys in
the Adriatic Sea from 1948 to 2005 and used these data to
estimate abundance trends of sharks and rays over time
and space. They found that since 1948, catch rates have de-
clined by 94%, and 11 species have ceased to be detected.
Moreover, both catch rates and species richness were lower
in the western, Italian part of the Adriatic, where indus-
trial fishing developed earlier and fishing pressure is higher
(Figure 8.10B). Even if survey data don’t reach back that
far, they are important reference points for the present-day
abundances, distributions, and sizes of marine species (see,
for example, Figures 8.7B and 8.9B), and they are essential
for analyzing current population trends (Lotze et al. 2011b).

Present-day monitoring data can also be used to
hindcast former conditions. For example, Jennings and
Blanchard (2004) used biomass and size data from recent
trawl surveys in the North Sea to estimate fish biomass
under no fishing and under current fishing pressure. Their
results suggest that medium-sized fish (4-16 kg) have de-
clined by 97% and large fish (16—66 kg) by more than 99%
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Figure 8.10 Uses of early scientific surveys. (A) Phy-
toplankton abundance and species composition in the
1930s and in the 1990s, separated by season and sam-
pling location inside and outside Passamaquoddy Bay,
an inlet of the outer Bay of Fundy. (B) Standardized catch
rates (numbers per square km) of sharks and rays in the
Adriatic Sea in 1948-1949 (Hvar survey) and 2004-2005
(MEDITS survey). (A after Lotze and Milewski 2004; B
from Ferretti et al. 2013.)
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due to fishing. In a related study, Christensen and col-
leagues (2003) used ecosystem models to predict past and
present biomasses of high—trophic level fish for the North
Atlantic as a whole and found a 90% decline since 1900.
In the absence of any historical data, some studies have
designed field surveys across a spatial gradient of fishing
pressure to evaluate how much fish biomass has changed
due to fishing (see Table 8.2). For example, Friedlander and
DeMartini (2002) performed dive surveys in the remote and
largely unpopulated Northwestern Hawaiian Islands and
the highly populated main Hawaiian Islands to compare
shallow-water reef fish assemblages. Their results indicate
that overall fish biomass was 72% lower in the main Hawai-
ian Islands and that the biomass of large predators, such
as sharks and jacks, was 94% lower. Similar results were
reported in dive surveys across the Line Islands, where the
biomass of large predators decreased by more than 80%

Longitude (°E)

from protected and unpopulated Kingman Reef to highly
populated and fished Kiritimati Island (Sandin et al. 2008).

Overall, standardized research surveys and monitor-
ing programs provide detailed trends of biological or en-
vironmental changes over the past decades (see Table 8.1).
Their temporal and spatial resolution can be very high,
and their level of precision is typically greater than that
of other types of historical data, which allows for estima-
tion of relative or even absolute abundance and can help
researchers to tease apart the causes and consequences of
observed changes. However, the data can be biased by the
purpose and design of the survey as well as by the meth-
odology and effort used. Moreover, apparent trends may
reflect phases of longer cycles, or even random fluctuations
in ecosystems that were greatly altered by human distur-
bance before monitoring began. It is therefore important
to place them in an adequate historical context.
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Figure 8.11 Living memory data based on interviews with fisher-

men of different ages in the Gulf of California. (A) Number of Gulf
groupers in the best day’s catch plotted against the year in which
the fishermen remembered landing it. (B) Mean weight with 95%
confidence interval of the largest Gulf grouper ever landed by fisher-
men from three generations (After Saenz-Arroyo et al. 2005.)

Living memory

Not all possible information about the past is written
down, but many people have a memory of what things
looked like in the past, and that information can be ac-
cessed through interviews. For example, Sdenz—Arroyo
and colleagues (2005) interviewed fishermen of different
ages in the Gulf of California to ask them when they had
caught the largest number of groupers in one day (their
best day’s catch) in the past and the size of the largest
grouper they had ever caught, information they usually
remembered well. The results indicate that older fishermen
remembered catching up to 25 groupers a day in the 1940s
and 1950s, while younger fishermen’s best day’s catch was
fewer than 5 groupers a day in the 1990s (Figure 8.11A).
In addition, the largest groupers caught by older fisher-
men averaged between 80 and 90 kg, whereas those of
younger fishermen averaged 60 to 70 kg (Figure 8.11B).
This study provides a clear example of the “shifting base-
line syndrome” described on p. 166 (see Figure 8.2; Pauly
1995). In a similar study of a traditional fishery on coral
reefs on Rodrigues Island in the Indian Ocean, older fish-
ermen remembered catching about three times more and
five times larger groupers than younger fishermen (Bunce
et al. 2008). Older fishermen had observed a decline in
grouper catches over the past 25 years, which prompted
them to expand their fishery out of the lagoon to areas far-
ther offshore. They also reported more fish species in de-
cline (18 vs. 8.5) over a longer period (15 vs. 5 years) than
younger fishermen did. These studies are great examples
of how valuable information about changes in a fishery
can be gained from interviewing knowledgeable resource
users, and this approach may be particularly important in
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situations where other quantitative data are lacking, as is
the case for many artisanal fisheries.

Molecular data

Another approach to reconstructing the past comes from
the use of molecular data. Both the genes in organisms
living today and ancient DNA from extinct species rep-
resent an archive of information over evolutionary time.
Because levels of neutral genetic variation increase with
population size, the genetic diversity found in a popula-
tion today reflects its average population size throughout
the past (Palumbi 2011). Using this approach, Roman and
Palumbi (2003) estimated the average long-term popula-
tion sizes of humpback, fin, and minke whales in the North
Atlantic. Their results suggest that past populations might
have been on the order of 240,000 humpback, 360,000 fin,
and 265,000 minke whales before intensive whaling. This
leaves today’s population of humpbacks at 4%, fins at 15%,
and minkes at 56% of their original size, far less than previ-
ous calculations based on current abundance and historical
catch records. The difference may be due to uncertainties
in catch records, such as the often high numbers of whales
that were struck and killed but not landed, as well as un-
certainties in the molecular approach, such as estimates of
mutation rates (Baker and Clapham 2004; Palumbi 2011).
A similar approach was used to estimate the pre-whaling
abundance of Pacific gray whales (Figure 8.12). Monitor-
ing records since the 1970s showed an increase in the
population, and reconstructions of past abundance based
on catch records suggested that the population had about
fully recovered (Rugh et al. 2005). This observed popula-
tion trend could have led to reduced management concern
for the Pacific gray whale, but genetic analyses revealed a
pre-whaling abundance that was three to five times higher
than current population levels (Alter et al. 2007). Interest-
ingly, a separate study that aimed to estimate pre-whaling
abundance of Pacific gray whales based on a reconstruction
of habitat availability reached a similar conclusion as the
genetic approach (see Figure 8.12; Pyenson and Lindberg
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Figure 8.12 Recentincrease of gray whales in the northeast-
ern Pacific based on monitoring data (means and SE, data from
Rugh et al. 2005) compared with different historical population
estimates based on catch data (data from Rugh et al. 2005), ge-
netic studies (data from Alter et al. 2007), and habitat availability
(data from Pyenson and Lindberg 2011). Commercial whaling for
this species was banned by the League of Nations in 1936, and
then in 1949 by the International Whaling Commission.

2011). Overall, molecular data can provide very valuable
estimates of long-term population abundances in the past.
However, they integrate population trends over long tem-
poral and large spatial scales and cannot be used to iden-
tify trends at finer resolution (see Table 8.1).

Integrating different data sources and disciplines

Although each discipline and data source provides valu-
able information on its own, many of the examples we
have mentioned in this section show that more insight
can be gained when data from different sources are com-
bined or compared to reconstruct the past (see Table 8.2).
For example, McClenachan and colleagues (2006) used a
variety of historical and archaeological data to reconstruct
the past distribution and abundance of Caribbean sea
turtles, then compared past with present-day estimates to
determine the magnitude of change (see Figure 8.6A,B).
Similarly, time-series analysis of modern monitoring data
in combination with historical hunting records allowed
the back-calculation of past harbor seal abundance in the
Wadden Sea (see Figure 8.9B; Reijnders 1992; Lotze 2005).
Ecosystems are dynamic, however, and one snapshot of
the past is unlikely to represent an absolute baseline (Fig-
ure 8.13A). A historical estimate of abundance, distribu-
tion, or body size based on records from 50 years ago may
be lower than one based on records from 100 or 500 years
ago. It is therefore important to place the results of histori-
cal analyses in the larger historical context of what hap-
pened earlier and later, such as when exploitation started
or environmental conditions changed. Another problem
arises when different data sources or reconstruction meth-
ods result in different estimates of past abundance (Figure
8.13B). For example, estimates of historical abundances for
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the Pacific gray whale based on genetic analyses and for-
mer habitat availability are similar and corroborate each
other, yet both are very different from estimates based on
the analysis of historical catch records (see Figure 8.12).
These discrepancies can be resolved only with further re-
search into the uncertainties in the data or methods (e.g.,
Palumbi 2011). If many different estimates exist, an aver-
age across all estimates, such as a numerical (e.g., Lotze
and Worm 2009) or meta-analytic average (e.g., Myers and
Worm 2005), together with a variance estimate or confi-
dence interval, can derive a more synthetic result.

Many of the examples in this section show that, depend-
ing on the available data, it is sometimes possible to recon-
struct the past abundance or distribution of an individual
species for a certain period of time. But how do we extend
timelines from archaeological records to the present? Or
time series from the twentieth century to earlier centuries?
And how do we compare data series across different spe-
cies? Here, different data, methods, and disciplines can
be seen as pieces of a puzzle. The individual pieces and
the overall puzzle can be qualitative, conceptual images of
the past or more quantitative reconstructions. In an effort
to combine such different pieces, Jackson and colleagues
(2001) used quantitative case studies from different ecosys-
tems, including kelp forests, coral reefs, seagrass beds, and
estuaries, and pieced them together into an overall narra-
tive of historical changes in coastal ecosystems. Likewise,

Figure 8.13 Conceptual diagram of histori-

cal depletion and recovery trends. The estimated
historical baseline (left side of each diagram) can
vary with (A) differences in the timing of a histori-
cal estimate (represented by solid dots of different
colors), or (B) differences in reconstruction methods
(represented by the different solid, dashed, and
dotted lines). These different historical estimates
will influence the judgment of the magnitude of re-
covery (right side of each diagram) as full recovery
or partial recovery depending on which historical

Time Time

estimate is used.
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Figure 8.14 Historical changes in coral reef ecosys-
tems. (A) Trajectories of change for seven functional
groups, expressed as the percentage of reef sites in each
ecological state of abundance from 14 regions in the
Caribbean, Australia and Red Sea. (B) Average degrada-
tion over time of each of the 14 reef sites above plus an
additional 3 in the United States. See Table 8.3 for cultural
period abbreviations and definitions. (A after Pandolfi et al.
2003; B after Pandolfi et al. 2005.)

qualitative and quantitative pieces of information
on different species groups were used to piece
together the long-term history of changes in the
Benguela upwelling system (Griffiths et al. 2004),
the outer Bay of Fundy (Lotze and Milewski 2004),
the Wadden Sea (Lotze 2005), and the Gulf of Cal-
ifornia (Saenz-Arroyo et al. 2006).

Taking it a step further, Pandolfi and colleagues
(2003) compiled paleontological, archaeological,
historical, and recent scientific data for a range of
ecologically important species from 14 coral reef
ecosystems around the world. Individual species
were pooled into functional groups that were com-
parable across reefs. Similarly, the dated histories
of human settlement and activities at each site
were grouped into cultural periods that could be
compared across reefs (Table 8.3). The authors then
defined categorical abundance estimates, such as
pristine, abundant, depleted, rare, and ecologi-
cally extinct, which were assigned to each species
or functional group for each cultural period based
on quantitative or qualitative evidence. In this way,
they could piece together trajectories of change
from prehuman to recent time, showing strong
degradation of many functional groups following
European colonization (Figure 8.14A). Using prin-
cipal component analysis, they could also rank the
overall degradation of each ecosystem across time
and across different regions, highlighting which
reefs are most degraded compared with pristine
conditions (Figure 8.14B; Pandolfi et al. 2005). A
similar study aimed to reconstruct the history of
ecological changes in 12 estuaries and coastal seas
around the world (Figure 8.15; Lotze et al. 2006).
The authors of this study incorporated more quan-
titative results, using both numerical and categori-
cal estimates of abundance across species and cul-
tural periods (see Table 8.3), and also combined
estimates of changes in water quality and species
invasions. Such interdisciplinary studies provide
synthetic, highly aggregated timelines that are
based on hundreds of individual estimates and
allow broad comparisons across different regions
and species groups. The main results of these stud-
ies are discussed later in this chapter.
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Definitions of cultural periods based on human presence, technology, and

market conditions
CULTURAL PERIOD

Prehuman (P)

Hunter—gatherer (H)

HUMAN PRESENCE, TECHNOLOGY, MARKET CONDITIONS

No evidence of or insignificant human presence; pristine ecosystems with only natural disturbance

No permanent settlements; small populations; subsistence exploitation for individual resource use; pre-market

with no major surplus for trade and no major system for distribution and exchange over large areas

Agricultural (A)

Agriculture enables permanent settlements; small populations; subsistence and artisan exploitation for individual

or village-based resource use; pre-market with no major surplus for trade and no major system for distribution

and exchange over large areas

Establishment of
colony and market (E)

Establishment of local economy and market; European settlement in the New World and spread of Western
values; still relatively low population numbers; trade between colonies and European empires; catch more than

needed for own consumption; development of techniques for storage and transport; ship surplus to neighbors
(up country, next village, etc.), exchange with barter

Development of
colony and market (D)

Strong growth and expansion of economy, market, and trade; rapid population rise; people become centralized
into larger cities; commercialization of resource use; development of luxury and fashion markets especially

affecting birds (feather trade), mammals (whale baleen, seal and otter furs, walrus ivory), and reptiles (turtle shells,
crocodile skins); onset of industrialization and technological progress; mass killing of mammals and birds with
guns; fishing mostly inshore and seasonal with selective and nondestructive gear (e.g., hook and line, light trawls

towed by sailboats over soft bottoms)

Early global
(G1: 1900-1950)

Global economy and market develop; strong population increase; industrialization and technological progress
toward more efficient, less selective, and more destructive gear (e.g., motorboats, steam trawlers), accelerating

exploitation, bycatch, and habitat destruction; increasing fishing effort; fishing possible in any season but still

mostly inshore and coastal

Late global
(G2: 1950-2000)

Global economy and market; establishment of free-trade zones; increased industrial fishing (especially after World
War Il) extending offshore and toward the deep sea; multiple unselective and destructive gears (otter trawls, purse

seines, long-lining, rockhopper gear, etc.); all habitats are being fished, all fish are detectable; mass fishing; other
human impacts increase (eutrophication, pollution, fish farming); conservation efforts increase

Source: Pandolfi et al. 2003; Lotze et al. 2006.

Another approach to combining pieces of the puzzle to
reconstruct the past comes from food web analyses. Food
webs generally present networks of species that are linked
through predator—prey relationships. A food web can be a
conceptual drawing, describing which species have been
present in the past compared with today, how they have
interacted with other species, and how those interactions
have changed over time (e.g., Jackson et al. 2001). But one
can also create more quantitative food webs based on
the simple presence of species and their diets, which link
them into a “who-eats-whom” network. Such networks
can then be analyzed for their emergent food web proper-
ties, such as the number of feeding links or average food
chain length. This approach has been used to reconstruct
Cambrian compared with modern food webs (Dunne et
al. 2008), as well as food webs of different historical pe-
riods in the Adriatic Sea (Lotze et al. 2011a), to analyze
changes in food web structure and robustness over time. If
enough information on the abundance of individual spe-
cies or functional groups is available or can be estimated,
one can also build fully quantitative food webs based on
biomass and energy flow, which has been done for past
time periods in Newfoundland (Pitcher et al. 2002) and
British Columbia (Ainsworth et al. 2002).

What We Can Learn from the Past

All the case studies presented in the previous section pro-
vide insight into aspects of historical changes in various
species and ecosystems. With each individual study, and
each new researcher interested in the past, the field of
marine historical ecology has grown. Although there are
still many gaps in our knowledge, there are an increasing
number of results that allow us to look at the bigger pic-
ture and ask what we can learn from the ocean’s past. In
this section we present an overview of major results and
insights gained into different components of ecosystems,
from environmental and species changes to changes in
habitats, water quality, and overall ecosystem structure.
We then summarize overarching patterns in the magni-
tude, direction, and rate of change.

Environmental changes

Change is a major part of life and of the history of this
planet. Over geologic time scales, dramatic changes in
environmental conditions have resulted in mass extinc-
tions, followed by speciation and radiation of new life
forms. Even less dramatic changes, such as temperature
fluctuations during glacial and interglacial periods, have
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caused extinctions at “background rates” (Harnik et al.
2012). Marine historical ecology can help us understand
the natural variation of environmental parameters and
how it has affected the abundance and extinction of spe-
cies over geologic and historical time scales. Understand-
ing the underlying influence of environmental parameters
is critical if we are to place recent changes in context and
distinguish between natural and anthropogenic changes.
For example, changes in both climate and exploitation
pressure have strongly influenced the abundance of sea-
birds on the Aleutian Islands over the past few millennia
(Causey et al. 2005) and of cod in Newfoundland over the
past few centuries (Rose 2004). Yet while overhunting oc-
curred at small scales with few long-term effects in the
Aleutian Islands, overfishing together with climate change
resulted in the collapse of Newfoundland cod stocks in
the 1990s, with no recovery to date. Generally, the Holo-
cene (the 12,000 years since the last Ice Age) has been a
period characterized by stable climatic conditions, which
has allowed the growth, spread, and development of the
human population and its impacts around the globe.
Thus, in many cases, human pressures have been more
significant drivers of historical change than environmental
fluctuations. With increasing temperatures and CO, con-
centrations, the ocean is currently facing a combination of
drivers that is unprecedented in the history of this planet,
putting an increased number of species at risk of extinc-
tion (Figure 8.16).

Changes in species occurrence and abundance

Many case studies document the history of depletion of a
marine population or species, including changes in abun-
dance, distribution, and size or age structure over time.
In some cases, the depletion has led to local or regional
extirpation or even global extinction, as for the Caribbean
monk seal (see Figure 8.6C). Most historical changes have
been documented for species that have been of value to
humans as a resource for food, fuel, fashion, or other prod-
ucts and could be easily found, caught, and processed. In
several cases, the depletion happened during the time of
hunters and gatherers, as for New Zealand fur seals, which
were severely reduced by Maori hunters (Smith 2005).
Overall, however, human pressures increased over time
with growing human populations and demands as well
as the commercialization and industrialization of exploi-
tation (see Table 8.3). As a result, more and more species
were affected, and the degree of depletion intensified. In
order to summarize the overall historical changes in spe-
cies occurrence and abundance, we discuss a few synthetic
studies in this section.

Comparing trends for several functional groups across
14 coral reef ecosystems in the Caribbean, the Red Sea,
and Australia revealed very similar historical trajectories of
change (see Figure 8.14A; Pandolfi et al. 2003). Indigenous
people during the hunter—gatherer and agricultural peri-
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ods had limited effects on valued resources. Yet after Eu-
ropean colonization, large carnivores, such as sharks and
monk seals, and large herbivores, such as manatees and
green turtles, were rapidly depleted, followed by smaller
animals and architectural species, such as corals and sea-
grasses. Over the last 50-100 years, some groups became
so depleted that they were deemed ecologically extinct.
By the end of the twentieth century, Jamaica and West-
ern Panama were the most degraded ecosystems, and the
outer and inner Great Barrier Reef were the least degraded
ecosystems (see Figure 8.14B; Pandolfi et al. 2005). Inter-
estingly, a recent study reconstructing similar historical
trajectories for Hawaiian coral reefs revealed that several
groups showed some degree of recovery in recent decades,
especially in the more remote and protected Northwestern
Hawaiian Islands (Kittinger et al. 2011).

Similarly, comparing trends for many valued species
across 12 estuaries and coastal seas also showed minor
changes in resource abundance during the hunter—gath-
erer and agricultural periods (see Figure 8.15). However,
depletions of marine mammals, birds, reptiles, fish, and
invertebrates increased during the period of market or
colonial development—namely, the Roman Empire in the
Mediterranean Sea, the Middle Ages in northern Europe,
and European colonization in North America and Austra-
lia (see Table 8.3; Lotze et al. 2006). By the late twentieth
century, 91% of the recorded species were depleted, 31%
were rare, and 7% were locally extirpated or globally ex-
tinct. On average, large whales were depleted earlier and
more severely than small whales or pinnipeds, and rap-
tors were the most heavily depleted species among birds
(see Figure 8.15). Among reptiles, both crocodiles and sea
turtles were heavily reduced. Diadromous fishes, such
as salmon and sturgeon, were the most affected species
among fish, and oysters were the most affected among the
invertebrates. These patterns are in concordance with the
history of whaling for oil and baleen, the strong persecu-
tion of raptors as competitors and for their feathers, the
exploitation of crocodiles for their leather and sea turtles
for their meat, eggs, and shells, the effects of fishing and
river alterations on diadromous fishes, and the high value
of oysters as a food, delicacy, and aphrodisiac. Interest-
ingly, while abundances of marine mammals, birds, and
reptiles began to stabilize or even increase in the twenti-
eth century due to stricter conservation and management
efforts, abundances of fish and invertebrates continued to
decline (see Figure 8.15). Detailed descriptions of historical
changes in individual species and areas can be found for
the Wadden Sea (Lotze 2005), the Adriatic Sea (Lotze et al.
2011a), and across six U.S. estuaries (Lotze 2010).

To quantify the overall magnitude of historical deple-
tions across a wide range of large marine animals, Lotze
and Worm (2009) compiled 256 case studies that reported
absolute abundance estimates of historical and recent pop-
ulation sizes. On average, populations were depleted by
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Figure 8.16 Comparison of extinction risks for different taxonomic
groups through time. The first column shows extinction rates in the
fossil record over the Cenozoic era (past 65 million years) expressed as
medians (circles) and 1st and 3rd quartiles (lines). The second column
shows the number of recorded historical global extinctions and local
extirpations. The third column shows the percentages of modern spe-
cies assessed in the International Union for the Conservation of Nature
(IUCN) Red List as endangered or critically endangered and vulner-

89% from their historical baseline when they had reached
their low point in abundance (see Figure 20.5), usually
sometime in the early to mid-twentieth century. Only 40
case studies reported some population recovery, especially
among marine mammals and birds, but those recoveries
only reduced the overall depletion to 84% of historical
abundance levels. Finally, since 1500, at least 20 marine
species became globally extinct (see Figure 8.16), including
the Caribbean monk seal, Steller’s sea cow, and the great
auk (Dulvy et al. 2009), and Dulvy and colleagues (2003)

Number of extinctions

Species assessed (%)

able, excluding data-deficient species. Numbers on the right indicate
the number of modern species assessed by the IUCN for each taxo-
nomic group. Asterisks indicate taxonomic groups with more than
50% of assessed species considered data deficient. Line segments
indicate upper and lower estimates of the fraction of endangered spe-
cies if all data-deficient species were classified as endangered or not
endangered, respectively. (Data from Dulvy et al. 2003, 2009; Carlton
etal. 1999 and IUCN 2011. After Harnik et al. 2012.)

reported 133 marine extirpations and extinctions on lo-
cal or regional scales during the nineteenth and twentieth
centuries. Some of these extirpations have been disputed
(del Monte-Luna et al. 2007), but many have been con-
firmed, and the list continues to grow (Dulvy et al. 2009;
Ferretti et al. 2010).

These syntheses show that many valuable species were
severely depleted, locally extirpated, or globally extinct
long before the mid-twentieth century, when modern man-
agement, monitoring, and ecological studies emerged. For
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most of the recorded depletions and extinctions, overex-
ploitation was the primary driver, and habitat loss the sec-
ond most important factor, followed by pollution (Dulvy et
al. 2003; Kappel 2005; Lotze et al. 2006; Harnik et al. 2012).

Habitat alterations

With increasing human settlements along coasts world-
wide, human activities started to affect coastal and marine
habitats. These habitats included wetlands, such as man-
grove forests and salt marshes; submerged vegetation, such
as seagrass beds and kelp forests; and reef systems built by
corals and oysters. Some of these habitats were affected by
direct exploitation. Oysters, for example, were harvested
for food, but their reefs were also mined for shells, and
mangroves were used for firewood and building supplies.
Other habitats were affected by increasing sedimentation,
as were many coral reefs and seagrass beds in the course of
land clearing after European settlement, as well as by nu-
trient loading from agriculture, sewage, and industrial ac-
tivities. Still others were directly transformed into farm or
settlement land, as were many salt marshes, or destroyed
by dredging and trawling. Like changes in species abun-
dances, many of these habitat transformations and losses
occurred much earlier than previously thought: many of
them can be traced back to the beginning of colonial times
in the New World and the beginning of a market economy
in Europe (see Figures 8.14A and 8.15).

In estuaries and coastal seas, oyster reefs were already
heavily affected during Roman times in the Adriatic Sea
and in the course of commercial and industrial exploita-
tion in the eighteenth and nineteenth centuries in Europe,
North America, and Australia (see Figure 8.15; Kirby 2004;
Lotze et al. 2006). For example, about 111,600 ha of natural
oyster bar habitat originally existed on the Maryland side
of Chesapeake Bay, but it declined by more than 50% from
1907 to 1982, with localized losses of up to 95% (Roth-
schild et al. 1994). Seagrass beds and wetlands, includ-
ing salt marshes and mangroves, had already severely
declined before 1900, and they continued to decline dur-
ing the first half of the twentieth century, but trends have
stabilized since 1950 with increasing habitat protection.
In Europe, for example, many regions lost more than 50%
of their original wetland and seagrass area, with highs of
more than 80% in several regions (Airoldi and Beck 2007).
Across six U.S. estuaries, average wetland loss amounted
to 55% of the historical area, with a peak of 94% loss in
San Francisco Bay (Lotze 2010). Other submerged veg-
etation, such as rockweeds and kelps, were less affected,
although strong declines have occurred in some regions,
such as the Adriatic Sea (Airoldi and Beck 2007; Lotze et
al. 2011a). In coral reef ecosystems, some effects on habi-
tat-building corals occurred before European colonization,
but the strongest changes in corals, suspension feeders,
and seagrasses were seen during the second half of the
twentieth century (see Figure 8.14A; Pandolfi et al. 2003).

Marine Historical Ecology 185

Many coastal habitats provide important nursery,
breeding, staging, and foraging grounds as well as shel-
ter from predation for a wide range of dependent animals
(Beck et al. 2001). Moreover, coastal habitats are impor-
tant natural filters and buffer zones between land and sea
because they retain and cycle nutrients, sediments, and
organic matter (Costanza et al. 1997). Their loss has there-
fore also contributed to the degradation of water quality in
many coastal ecosystems.

Changes in water quality

Around the world, large-scale deforestation and land
clearing for agriculture and human settlement has in-
creased erosion and sediment loading of rivers, estuar-
ies, and coastal waters (see Figure 8.15), affecting coastal
environments such as Chesapeake Bay (see Figure 8.4B;
Cooper and Brush 1993) and the inner Great Barrier Reef
(McCulloch et al. 2003). Since many nutrients, including
nitrogen and phosphorus, are bound to sediments, past
sediment runoff has also increased nutrient loading of
coastal waters, which in turn has enhanced primary pro-
ductivity (see Figure 8.15; Lotze et al. 2006). Over time,
other human activities have further enhanced the nutrient
loading and chemical pollution of coastal waters, includ-
ing sewage disposal, municipal and industrial wastewater
discharges, and runoff from agriculture and aquaculture
operations. Nutrient loading can cause eutrophication,
which has several negative consequences (Cloern 2001),
including increased phytoplankton productivity and shifts
in species composition that favor pelagic over benthic spe-
cies (e.g., centric over pennate diatoms; see Figure 8.4B)
as well as fast-growing species that can form nuisance
or harmful algal blooms (see Figure 8.10A). Increased
pelagic productivity also enhances water turbidity and
shading, commonly leading to a decline in seagrasses
and other benthic vegetation. Such changes in the abun-
dance of benthic vegetation over time can be measured
in sediment cores by the presence of epiphytic diatoms,
such as Cocconeis species, which decline with their hosts
(see Figure 8.15). Among benthic species, there is often a
shift to fast-growing ephemeral species, such as sea let-
tuce or filamentous algae, which can form benthic algal
blooms that overgrow and smother seagrasses and other
long-lived, slow-growing perennial benthic vegetation
(Cloern 2001). Finally, the decomposition of this enhanced
annual algal biomass by bacteria uses up large amounts of
oxygen, causing hypoxia or anoxia (see Figure 8.4B). As
Figure 8.15 indicates, all these measures of eutrophication
increased by one to three orders of magnitude in estuar-
ies and coastal seas in the twentieth century, especially
since 1950 (Lotze et al. 2006, 2011a; Lotze 2010). More-
over, around the world, the number and extent of harmful
algal blooms and oxygen-depleted dead zones has been
increasing over the past decades (Gilbert et al. 2005; Diaz
and Rosenberg 2008).
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In addition to nutrient loading, many organic and inor-
ganic chemicals have been added to the environment by a
range of human activities, especially since the Industrial
Revolution in the eighteenth and nineteenth centuries and
increasingly in the twentieth century (Lotze and Milewski
2002; Lotze 2010). A range of organic substances, such as
wood wastes and sawdust from lumber, pulp, and paper
mills, offal from fish processing plants and the canning
industry, and uneaten food and feces from aquaculture
operations, have enhanced decomposition and oxygen de-
pletion. In addition, a wide range of chemicals have been
released from various industries (e.g., textiles, pulp and pa-
per, oil, coal, and gas, mining, and ship building), includ-
ing heavy metals, polychlorinated biphenyls (PCBs), poly-
cyclic aromatic hydrocarbons (PAHs), and other persistent
pollutants that accumulate in the sediment and in animal
tissues, causing long-term effects on health and survival.
Furthermore, agriculture, forestry, and aquaculture opera-
tions have increasingly used chemicals such as pesticides
(e.g., DDT) and antibiotics to enhance production and have
inadvertently released them into the environment, where
they cause harm to other species, from acute toxicity to
chronic illnesses. For example, a wide range of coastal
birds, including bald eagles and ospreys, were heavily af-
fected by DDT in the 1960s and 1970s (Lotze 2010).

Species invasions

Throughout history, people have moved around the world
and settled new areas, often bringing seeds, plants, and
animals from their former homes. They have also traded
goods, thereby exchanging and intentionally introducing
new species. Most of the introduced species were terres-
trial plants and animals; however, people also transported
marine species, either intentionally, for food, aquaculture,
aquarium display, or angling, or unintentionally, when
species became attached to their boats or to aquaculture
organisms or survived in a ship’s ballast water. The first
identified marine invasion occurred before AD 1245, when
Norse voyagers brought the soft-shelled clam (Mya are-
naria) from North America into the Baltic and North Seas
(Petersen et al. 1992). In the following centuries, marine
species invasions gradually increased with the expansion
of global navigation, trade, and commerce (see Figure 8.15;
Ruiz et al. 1997; Lotze et al. 2006). For example, the num-
ber of recorded marine and brackish-water invasions in
Chesapeake Bay increased from zero in 1609 to 4 in 1739
and to 150 in 1999 (Fofonoff et al. 2003), and invasions
in San Francisco Bay increased from the first, recorded in
1853, to 164 by 1995 (Cohen and Carlton 1998). Most of
these invaders have been invertebrates, plants, and algae,
but some have been viruses, fish, or mammals. Such ex-
otic species change local and regional biodiversity both
directly, by enhancing species richness, and indirectly, by
affecting native species through biological interactions and
thereby altering ecosystem structure and functioning (Ste-
neck and Carlton 2001; Byrnes et al. 2007).

Changes in ecosystem structure, functioning,
and services

Together, the changes in species occurrences and abun-
dances, habitats, water quality, and invasions described in
this section have changed the overall structure of marine
ecosystems and with it, their functioning and services. Gen-
erally, species extinctions have reduced and species inva-
sions have increased local species richness and diversity. In
many coastal ecosystems, invaders actually outnumber ex-
tirpated species (Lotze et al. 2005, 2006; Byrnes et al. 2007).
However, since many native species have been depleted by
more than 90% of their historical abundance, they may be
considered ecologically extinct, meaning that they no longer
fulfill their ecological role, which would strongly reduce the
functional species diversity in these ecosystems. Moreover,
depletions and extinctions have occurred predominantly
among large marine mammals, birds, reptiles, and fishes,
whereas invaders mostly consist of smaller invertebrates,
plants and microscopic algae, protozoans, viruses, and bac-
teria (Lotze et al. 2006). This taxonomic mismatch between
species losses and gains has shifted species compositions
away from larger, long-lived, slow-growing, and late-ma-
turing species toward smaller, fast-growing, and high-turn-
over species (Byrnes et al. 2007).

These changes in the occurrence and abundance of
species have not only altered the species composition of
food webs and ecosystems, but also the abundances of
functional groups. For example, entire guilds of large and
small carnivores, herbivores, habitat builders, and species
with filtration and buffering capacity have been depleted
(see Figure 8.14A; Pandolfi et al. 2003; Lotze et al. 2006).
This observation suggests that coastal ecosystems have
lost a large amount of top-down control, while increasing
nutrient loads have enhanced bottom-up control. Chang-
ing the strength of these basic ecological drivers affects
species abundances and interactions as well as ecosystem
productivity and functioning (Worm et al. 2002; Worm
and Duffy 2003). For example, the loss of top predators
has released several prey species and competitors from
predation pressure, sometimes causing trophic cascades,
whereas in other cases recovery of top predators may be
limited by the depletion of their prey (Baum and Worm
2009; Ferretti et al. 2010; Altieri et al. 2012). Moreover,
the loss of essential habitat and the degradation of water
quality may have altered the carrying capacity for many
species. Thus the composition and dynamics of coastal
ecosystems have profoundly changed, with potentially se-
vere consequences for the maintenance of their diversity,
productivity, and stability.

One example of how historical species depletions and
losses have affected food web structure and stability comes
from a study of the Adriatic Sea. Lotze and colleagues
(2011a) found two major changes over time: first, as spe-
cies and groups at high trophic levels were overexploited,
the food web became “shorter” and “fatter,” and second,
the food web structure became more simplified as the spe-
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cies and groups became less connected and the network
less complex. Moreover, the high number of species losses
and ecological extinctions made the food web more vul-
nerable to further, secondary extinctions, suggesting that
the Adriatic ecosystem has become less resilient. Similar
overexploitation of high trophic levels and simplification
of food web structure over time have also been found by
comparing network models (based on presence/absence of
species) with mass balance models (based on biomass and
energy flow) for the Adriatic and Catalan Seas in the 1970s
and 1990s, respectively (Coll et al. 2008). For comparison,
the basic structure and underlying principles of food web
assembly do not appear to have changed between the
Cambrian and modern times (Dunne et al. 2008).

These documented changes in the structure and func-
tioning of ecosystems further translate into changes in
the ecosystem services that benefit people. Over historical
time scales, the depletion and loss of species in coastal
ecosystems has affected their provision of viable fisher-
ies and seafood, spawning and nursery habitats to sustain
marine resources, and filtration capacity to maintain water
quality. The losses of these functions and services have
brought rising health risks and costs to society, such as
increasing beach closures, harmful algal blooms, fish kills,
shellfish closures, oxygen depletion, coastal flooding, and
species invasions (Worm et al. 2006; Lotze 2010).

Overarching patterns

The case studies and syntheses presented in this section
illustrate the substantial progress made in marine histori-
cal ecology over the past two decades. Historical changes
in marine ecosystems have now been traced back hun-
dreds to thousands of years for a variety of species and
regions. Although it is not always easy to establish his-
torical baselines, which are continually shifting over time
and with environmental changes, they can nevertheless
be informative in placing more recent changes in perspec-
tive. In the rest of this section we summarize overarching
patterns in the magnitude, direction, and rate of historical
changes as well as their underlying drivers.

* Magnitude of historical changes Across 256 case stud-
ies that quantify population changes for different spe-
cies and regions using different approaches, the average
magnitude of historical depletion was 89% (+1 SE), with
individual estimates ranging between 11% and 100%
(Lotze and Worm 2009). This magnitude is comparable
to that of estimates of more recent depletions across
232 fish stocks made using modern stock assessment
methods; those stocks declined on average by 83% from
their maximum breeding population size over 25 (range
10-73) years (Hutchings and Reynolds 2004). Similarly,
an analysis of aggregated catch, abundance, and size
data for exploited marine mammal populations sug-
gested an average decline of 81% for the great whales
and 76% across all species since the beginning of ex-
ploitation (Christensen 2006). These figures suggest that
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an order-of-magnitude decline may be a general rule
for exploited marine species. The late Ransom Myers
termed this the “factor of ten hypothesis” (Myers and
Worm 2005).

Spatial expansion Around the world, most people first
exploited local, nearshore, easily accessible species. After
those species were depleted, a common response was
to move farther offshore toward previously unexploit-
ed waters where the same or similar species were still
in high abundance. Such spatial expansions from the
coasts to increasingly offshore resources can be seen in
archaeological records from California (Rick et al. 2008),
Mexico (Kennett et al. 2008), southern Taiwan (Kuang-
Ti 2001), the Wadden Sea (Lotze 2007), and the North
Atlantic (Perdikaris and McGovern 2008). In historical
times, similar spatial expansions occurred in the histo-
ry of whaling (Christensen 2006; Josephson et al. 2008)
and the North Atlantic groundfishery (Lear 1998; Lotze
and Milewski 2004; Rose 2004; Bolster 2012). In some
cases, spatial expansions occurred along shorelines, as
in the expansion of oyster harvesting along the coasts of
North America and Australia in the nineteenth century
(Kirby 2004) or the more recent expansion of sea urchin
and sea cucumber exploitation from Asia into a global
industry (Berkes et al. 2006; Anderson et al. 2011). On a
global scale, marine exploitation began in estuaries and
coastal waters several hundred to thousands of years
ago before spreading across the continental shelves in
the nineteenth and twentieth centuries, moving into
the open ocean in the mid-twentieth century, and re-
cently expanding into the deep sea (Myers and Worm
2003; Pauly et al. 2003; Devine et al. 2006; Lotze and
Worm 2009). Therefore, the historical changes that have
occurred in estuaries and coastal seas might provide
insight into some of the present and potential future
changes offshore.

Temporal acceleration Over the course of history, one
factor driving accelerating marine exploitation was the
growing human population and its demands for food,
fuel, fashion, and other products. When local resources
became depleted, another common response was to ad-
vance technology to catch more (Bolster 2012). These
advances included not only shifts in gear (e.g., from
a single to multiple to many thousands of hooks) and
fishing vessels (e.g., from sail to steam power to diesel
engines and increasingly larger and faster ships), but
also the introduction of storage and freezing capacity
on board and, more recently, fish-finding gear. Thus his-
torical changes in coastal ecosystems caused by relative-
ly small human populations with simple gear and small
boats unfolded over hundreds to thousands of years
(Pandolfi et al. 2003; Lotze et al. 2006), while modern
changes have unfolded increasingly faster on continen-
tal shelves over the last 100 to 200 years (Christensen
et al. 2003; Rosenberg et al. 2005), in the open ocean
over the last 50 years (Myers and Worm 2003), and in
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the deep sea over the last 20 years (Devine et al. 2000).
Unfortunately, global fisheries catches have stagnated
and decreased recently, indicating a limit to marine ex-
ploitation on a global scale (Pauly et al. 2003).

Serial exploitation Human hunters and fishermen have
usually preferred resources that are relatively easy to
find and catch and that are large, nutritious, tasty, or
otherwise highly valued. Thus, in the history of whal-
ing, humans first hunted slow-swimming coastal spe-
cies that would float when dead, which included the
gray, right, and bowhead whales. When these species
were depleted and technology advanced, whaling ex-
panded to increasingly faster and more offshore species
and, over time, from larger to smaller whale species
(Christensen 2006). Such serial exploitation patterns
have also been observed for other species. In the Florida
Keys, for example, exploitation of highly valued turtles
and sponges quickly moved to other species as deple-
tions occurred (McClenachan and Kittinger 2012). The
sequential shift from large, high—trophic level species to
increasingly smaller and lower—trophic level species has
been termed “fishing down the food web” (Pauly et al.
1998), although the serial replacement of one species by
another does not necessarily represent a decline in av-
erage trophic level and can also reflect “fishing through
the food web” (Essington et al. 2006). Shifts from spe-
cies of high to low monetary value or, within a species,
from larger to smaller individuals have also been ob-
served (Anderson et al. 2011).

Cumulative drivers of change ~Although long-term fluc-
tuations in population abundance or ecosystem com-
ponents can be related to climatic variation (Ravier and
Fromentin 2004), rapid historical population declines
have often been attributed to human impacts (Rose 2004;
Causey et al. 2005). Among the range of human pres-
sures, overexploitation generally ranked first in causing
population depletions or extinctions, followed by habitat
loss and pollution (Dulvy et al. 2003; Kappel 2005; Lo-
tze et al. 2006; Harnik et al. 2012). All of these factors
expanded spatially and accelerated temporally over time
and, importantly, they do not act in isolation. In estuaries
and coastal seas, for example, 45% of species depletions
and 42% of extinctions were caused by cumulative hu-
man impacts, in most cases a combination of exploitation
and habitat loss (Lotze et al. 2006). For population re-
coveries, cumulative impacts were even more important,
with only 22% of recoveries resulting from the reduction
of a single human impact, mostly exploitation, and 78%
of recoveries resulting from the mitigation of at least two
impacts, mostly habitat protection and restricted exploi-
tation but also pollution mitigation (Lotze et al. 2006).

Recovery  Although most studies of historical chang-
es document the depletion and degradation of marine
ecosystems, several indicate some recent recovery due
to increasing management and conservation efforts in

the twentieth century (Lotze et al. 2006; Kittinger et al.
2011). A recent review suggests that 10-50% of depleted
populations and ecosystems show some recovery, but
so far rarely to former levels of abundance (Lotze et al.
2011b). For example, among 256 populations for which
historical depletion was estimated, only 40 populations
experienced some recovery in the twentieth century,
mostly marine mammals and some birds, and on average
only to 13-39% of their former abundance (Lotze and
Worm 2009). The protection of mammals and birds has
been increasingly supported by the public and society
at large, whereas the conservation of exploited fish and
invertebrates is still at the beginning (Worm et al. 2009).

How the Past Can Inform the Future

Marine historical ecology is invaluable for understanding
the past, but how can the past inform the future? If we
want to predict future trends in marine populations and
ocean ecosystems, we need to understand the long-term
trajectories of past and current changes and their under-
lying drivers. If we want to develop better management
plans and conservation targets, we need to incorporate
historical baselines and learn from past management suc-
cesses and failures. And if we want to change the way
people view and societies interact with the ocean in the
future, we can use the past to show how human activities,
choices, and cultural values have influenced the ocean and
how this could be changed in the future. In this section we
outline examples of how the past can inform the future in
science and ecology, management and conservation, and
teaching and communication.

Science and ecology

One important task for scientists is to provide a range of
scenarios for what is likely to happen in the future. This
task is critical not only for science itself, but also for in-
forming politics, management, and the public. In marine
ecology, forecasting of future trends includes trends in spe-
cies abundance and ecosystem structure, the likelihood of
recovery or further decline, and how different environ-
mental changes or management scenarios will resolve. In
order to do this, we need to know long-term trends in the
past and understand what drivers were responsible for the
observed changes. Importantly, modern observations and
recent ecological data rarely represent the full range of vari-
ation in ocean ecosystems. For this reason, one of the most
fundamental roles of marine historical ecology is to provide
a more accurate, long-term view of natural and human-
induced variation in marine species and ecosystems.

PROJECTING FUTURE STATES OF MARINE POPULA-
TIONS AND ECOSYSTEMS Understanding the magni-
tude and direction of past changes can provide a bounds
for what we can reasonably expect in the future. Projec-
tions based on the past can be done conceptually or in a
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Figure 8.17 Projecting future states of marine populations
and ecosystems. (A) Historical trajectories of change for large
consumers, habitat-building and filter-feeding organisms, and
eutrophication and invasive species in estuaries and coastal
seas can be used to project potential trends for these structural
and functional components of ecosystems into the future.
Future scenarios depict stabilizing (solid lines), improving (short
dashed), or worsening (long dashed lines) trends. See Table 8.3
for cultural period abbreviations and definitions. (B) Reconstruc-
tion of historical changes in the abundance of lobsters in the
Juan Fernandez Archipelago, Chile, and predictions of future
abundance based on different management and conservation
scenarios (MR = marine reserves, ER = fishing effort reduction).
(A after Lotze et al. 2006; B after Eddy et al. 2010.)
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quantitative modeling framework. For example, estuarine
ecosystems have experienced strong declines in large con-
sumers, habitat-building species, and filter feeders since
prehistoric times, concurrently with increases in invasive
species and levels of eutrophication (Figure 8.17A). Lotze
and colleagues (2006) used the magnitude and timing of
these past trajectories to project possible future scenarios
in which conditions may stabilize, improve, or worsen.
Using a quantitative modeling approach, Eddy and col-
leagues (2010) reconstructed historical changes in the
abundance of lobsters (Jasus frontalis) in Chile over the
past 400 years based on archival documents, fishermen’s
ecological knowledge, and underwater observations (Fig-
ure 8.17B). Modern lobster biomass was 85% less than
the “pristine” abundances present from 1550 to 1750. The
authors then modeled a range of future scenarios that ex-
plored the effects of different types and intensities of man-
agement efforts, including marine reserves, reduction of
fishing effort, and stewardship. The results suggested that
increased stewardship of catch coupled with 30% area clo-
sures would allow lobster biomass to recover to about 50%
of historical levels within 40 years (Eddy et al. 2010). Such
uses of historical data can help managers understand what
goals different management efforts can achieve and how
future expectations compare to historical baselines.

DISTINGUISHING NATURAL CHANGES FROM ANTHRO-
POGENIC CHANGES Historical studies describe a range
of past population sizes and ecological conditions that can

help us to distinguish natural variation from anthropo-
genic change, interpret whether modern and expected fu-
ture changes are within previously experienced bounds,
and predict future responses to different stressors. For
example, Rose (2004) reconstructed 500 years of cod bio-
mass in Newfoundland using a surplus production model
and analyzed the drivers behind the observed changes.
The results suggest that the decline of cod biomass during
the Little Ice Age (1800-1880) was caused by a climate-
driven drop in productivity, that overfishing caused the
decline in the 1960s, and that the collapse of biomass
in the late 1980s was caused by both climate and fish-
ing. This study suggests that future changes in fishing
pressure and climate will interact in altering cod abun-
dance. In the Caribbean, the fossil record revealed that
coral reefs were dominated by two species of acroporids
over the last 200,000 years (Pandolfi and Jackson 2001). In
the early 1900s, however, the relative abundance of these
corals declined concurrently with land clearing for agri-
culture, and a further sharp decline in the 1970s was re-
lated to increases in disease events and bleaching (Figure
8.18; Greenstein et al. 1998; Cramer et al. 2012). These
recent declines are outside the range of natural variation
observed in the fossil record and suggest that acroporid
corals will continue to decline if these impacts are not
mitigated. Finally, an analysis of extinction rates and driv-
ers in the ocean over the last 500 million years revealed
that naturally caused acidification, anoxia, warming,
cooling, and habitat loss have driven marine extinctions
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Figure 8.18 Distinguishing natural from
anthropogenic changes. (A) Long-term data
taken from “death horizons”in coral reef
rubble (left) and compared with the modern
“life horizon” (right top) from the Bocas del

Toro region of western Caribbean Panama
suggests that Acropora cervicornis was a com-
mon reef-building coral prior to the second
half of the twentieth century. (B) The relative
abundance of A. cervicornis declined from an
average of 28% to 6% of the total commu-
nity prior to 1960, after which it continued to
decline to 0% of the coral community living
today. A, B, and C depict three sampling
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bars indicate boundaries between pre- and
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in the fossil record, whereas the effects of human-caused
overexploitation, habitat loss, and pollution are exclusive
to the last 10,000 years (Table 8.4; Harnik et al. 2012). To-
day many of these drivers are present simultaneously, and
this situation will probably intensify in the future with
the effects of a growing human population and climate
change. This will place an increasing number of marine
species at risk of extinction, including those taxonomic
groups strongly affected by human pressures in historical
times (e.g., marine mammals, birds, and fish) as well as
many invertebrates and plants (see Figure 8.16; Harnik et
al. 2012). Such analyses provide a window into how spe-
cific organisms will respond to projected future environ-
mental conditions and help to refine modern analyses of
extinction risk in the world’s oceans.

REVEALING THE IMPORTANCE OF DIFFERENT HUMAN
DRIVERS Defining which human activities have been
most important in causing past changes in marine species

Relative abundance
A. cervicornis (%)

and ecosystems is crucial to predicting future changes in
response to different perturbations. Historical studies in-
dicate that overexploitation has frequently been the first
and most severe human impact on marine populations,
followed by habitat loss, pollution, and more recently, in-
vasive species and climate change (Jackson et al. 2001;
Lotze et al. 2006; Rick and Erlandson 2008). Over time,
the range of human activities has multiplied, increasing-
ly causing cumulative effects. For example, in the Bay of
Fundy, the combination of fishing and river damming re-
duced wild salmon populations in the nineteenth centu-
ry, while pollution and interactions with escaped farmed
salmon caused further declines in the twentieth century
(Lotze and Milewski 2004). In modern coral reefs, climate
change and nutrient pollution often have the most visible
impacts, as they result in a loss of live coral due to bleach-
ing and overgrowth by macroalgae. Yet historical analyses
have revealed that overfishing has been a significant long-
term driver of change, as losses of large fish and other
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Past drivers of extinction in the ocean and current threats
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herbivores over past centuries have reduced grazing pres-
sure, establishing conditions in which macroalgae thrive
(Pandolfi et al. 2005). Therefore, reefs that survive into the
future will probably be characterized by robust popula-
tions of fish and other megafauna that can mediate the
effects of eutrophication and climate change (Newman et
al. 2006). Reconstructing the sequence and effects of mul-
tiple human impacts helps us to understand the timing
of change and provides insight into how ecosystems may
respond to different drivers in the future.

PREDICTING RECOVERY POTENTIAL Understanding
and predicting the potential of species and ecosystems to
recover from human or natural disturbance is one of the

most important tasks facing marine conservation biology
today. Marine historical ecology provides critical informa-
tion for assessing the success of recovery, particularly the
degree, magnitude, and timeline of recovery (Lotze et al.
2011b). Several historical studies demonstrate that species
recovery is possible when certain drivers of change are
mitigated. For example, in the main Hawaiian Islands, an
expansion of agriculture between AD 400 and AD 1820
reduced fishing pressure on reefs surrounding the is-
lands, and archaeological evidence suggests that the aver-
age sizes of parrotfish (Scarus spp.) and intertidal limpets
(Cellana spp.) increased during this time (Kittinger et al.
2011). More recently, some level of recovery has occurred
in many marine vertebrate populations in response to the
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reduction or cessation of exploitation, habitat protection,
or pollution controls over the last century (see Figures 8.9,
8.12, and 8.15). Available summaries suggest that 10-50%
of formerly depleted populations among marine mam-
mals, birds, reptiles, and fish have recovered to some de-
gree, albeit rarely to historical abundance levels (Lotze et
al. 2011b). Here, historical baselines are essential to quan-
tify the magnitude of recovery and judge recovery success
(see Figures 8.13 and 8.17). Moreover, trajectories of his-
torical depletion are needed to assess when the low point
in abundance occurred and how long the recovery process
has taken. The same is true for assessing and predicting
the recovery of ecosystems (Lotze et al. 2011b).

Despite these instances of recovery, history also warns
us that barriers to recovery exist. In spite of efforts to in-
crease their abundances, many populations have remained
depressed or continue to decline (Lotze et al. 2011b). Only
40 of 256 populations that showed historical population
declines also showed some degree of recovery (Lotze and
Worm 2009), and across 232 depleted fish stocks, 40%
showed no signs of recovery 15 years after their collapse
(Hutchings and Reynolds 2004). Lack of recovery can be
due to the magnitude of depletion, with larger deple-
tions reducing recovery potential; the species’ life his-
tory, with fast-growing species recovering more rapidly
than slow-growing ones; or the time available for recov-
ery, with long-lived species needing decades or centuries
for recovery (Hutchings and Reynolds 2004; Lotze et al.
2011b). Such information on historical recovery trends
can be extremely helpful in predicting the future recovery
potential of different species. In some cases, shifts in the
abundances of other species or alteration of ecological con-
ditions may prevent recovery. For example, in the North-
western Hawaiian Islands, populations of the Hawaiian
monk seal (Monachus schauinslandi) continue to decline
despite protection under the U.S. Marine Mammal Pro-
tection Act, under the U.S. Endangered Species Act, and
in the Papah-naumoku-kea National Marine Monument.
In this case, increases in the abundances of predatory fish
and sharks may have resulted in competitive exclusion and
higher mortality rates for juvenile seals, inhibiting recov-
ery (Gerber et al. 2011). On the Scotian shelf, populations
of Atlantic cod failed to recover after the Canadian gov-
ernment closed the fishery in 1992. Frank and colleagues
(2005, 2011) found that planktivorous fish that prey on cod
larvae increased and may have stalled the recovery of cod
even after fishing was halted. Recent signs suggest that
planktivorous fish may have stabilized or declined, pos-
sibly enhancing the recovery prospects of cod (Frank et al.
2011). These studies provide warnings that the trajectory
of recovery may differ from that of decline.

Management and conservation

Historical baselines and trajectories of change are nec-
essary to assess extinction risk for long-lived marine

species, to determine when endangered species can be
considered recovered, to improve fisheries management
and assessment, to set targets for ecosystem restoration,
and to evaluate past management successes and failures.
Thus historical information is increasingly used by con-
servation organizations and management bodies to set
meaningful management targets and conservation goals
(McClenachan et al. 2012).

EXTINCTION RISK ASSESSMENT  Rapid population de-
creases are often a warning of extinction risk. The Interna-
tional Union for Conservation of Nature’s IUCN Red List
of Threatened Species considers species that have declined
by more than 50% over three generations to be vulnerable
to extinction. For long-lived species, that three-generation
period can exceed 100 years, so the use of historical data is
important, particularly for species that have a long history
of exploitation. For example, the hawksbill turtle (Eretno-
chelys imbricata) has a generation time of over 30 years and
has been intensively exploited for centuries. Modern data
on its population abundance derived from beach counts
of nesting females have been collected over the last few
decades, but that is a much shorter time than necessary
to evaluate trends over three generations. To address this
problem, the 2008 IUCN Red List assessment sought cus-
toms data from the shell trade since the mid-nineteenth
century and other historical information over the last few
centuries (Mortimer and Donnelly 2008). Integrating this
information with recent monitoring data allowed for a his-
torically robust estimation of long-term population change
and extinction risk, which suggested that hawksbill turtles
have declined by more than 80% over three generations,
and they are therefore listed as “critically endangered”
(Figure 8.19A). Strikingly, data over the past 30 years tell
a very different story. They suggest population increases,
with similar patterns for green turtles (Figure 8.19B), indi-
cating the need for long-term data to accurately describe
long-term trends. Similar evaluations comparing histori-
cal with recent abundance trends have helped research-
ers to assess the conservation or management status of
other large marine species (McClenachan et al. 2012).
Large sharks, for example, have a history of exploitation
spanning several centuries, but a chronic lack of data has
hindered effective population assessment and manage-
ment. In the Mediterranean, 22 nations comanage fisher-
ies, but statistics are temporally and spatially restricted. In
2007 an IUCN regional assessment synthesized many of
these sources, but few time series of longer than 50 years
were available, and quantitative data existed for only a
few species (Cavanagh and Gibson 2007). Thus Ferretti
and colleagues (2008) compiled historical data on shark
abundance, extending the temporal window of observa-
tion to 180 years and providing relevant information on
trends in abundance for four large shark species previously
classified as “data deficient” (Table 8.5). These examples
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Figure 8.19 The use of historical data affects extinction risk assessments and fisheries ref-
erence points. (A) Population trends for hawksbill turtles from nesting beaches for which avail-
able data span 8-31 years and 52-107 years suggest median population changes of +308%
(64 to 705%) and —96% (80 to —99%), respectively. Populations from beaches with 52-107
years of data would be assessed as critically endangered by the IUCN (red line), whereas those
from beaches with 8-31 years of data would not. (B) Population trends for green turtles from
nesting beaches for which available data span less than 30, 30-100, and over 100 years sug-
gest median population changes of +7% (range —77 to +170%), —=73% (-88 to +75%), and
—-83% (-65 to —93%), respectively. Populations from beaches with data for more than 30 years
would be assessed as endangered by the IUCN (yellow line), whereas those from beaches
with data for less than 30 years would not. (C) The current stock size for western bluefin tuna
exceeds the target biomass (green line) when shorter time series of 30 years are used, but
constitutes only 15% of target biomass when 40 years of data are used. (D) Icelandic cod time
series over the last 55 years suggested that average and maximum spawning stock biomasses
(SSB) were less than half than those estimated when 83 years of data, which includes peaks in
the 1920s and 1930s, were considered. (After McClenachan et al. 2012).
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illustrate how historical information allows more accurate
assessments of extinction risk in marine species.

ENDANGERED SPECIES RECOVERY Historical data are
also necessary to assess when a formerly depleted spe-
cies whose abundance is increasing can be considered
recovered and how that recovery compares with its past
population sizes. Such assessments are necessary to de-
termine whether a species needs further protection or
could potentially be harvested again. For example, follow-
ing the end of whaling, several whale populations have
shown signs of recovery. The Antarctic blue whale (Balae-
noptera musculus intermedia), whose populations reached
a low of 360 individuals, has increased by about 7% per
year since 1974. A variety of data over the last century,

including logbook data from the early 1900s and sight-
ing surveys since the late 1960s, suggested that despite
this rapid increase, the population is still below 1% of its
estimated historical abundance of over 200,000 whales
and thus requires further protection (Branch et al. 2004).
Similar reconstructions of historical population abun-
dances were used to place the recent recoveries of the
southern right whale (see Figure 8.9A) and Pacific gray
whale (see Figure 8.12) in a long-term context. Likewise,
green turtle (Chelonia mydas) populations in several loca-
tions have responded positively to protection efforts and
have increased over the last three decades (McClenachan
et al. 2006; Chaloupka et al. 2008). In the Northwestern
Hawaiian Islands, one population on the French Frig-
ate Shoals has increased by over 400% since 1973. As a
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Estimates of long-term change in shark populations in the Mediterranean
Sea, with and without historical data

SPECIES

SCIENTIFIC NAME COMMON NAME

Prionace glauca Blue shark 1979

Alopias vulpinus Common thresher Absent
Lamna nasus Porbeagle Absent
Isurus oxyrinchus Shortfin mako Absent
Sphyrna zygaena Smooth hammerhead Absent

WITHOUT HISTORICAL DATA
BASELINE DATE

WITH HISTORICAL DATA

TREND BASELINE DATE TREND
—-38.50% 1950 -96.53%
Absent 1898 -99.99%
Absent 1827 -99.99%
Absent 1827 -99.99%
Absent 1827 -99.99%

Source: Cavanagh and Gibson 2007; Ferretti et al. 2008; McClenachan et al. 2012.

result, the Hawaiian subpopulation has been downlisted
to “Least Concern” by the IUCN and is being consid-
ered for delisting under the U.S. Endangered Species Act.
However, archaeological and historical records suggest
that past populations were characterized by more spatial
heterogeneity, with nesting sites distributed throughout
the main and Northwestern Hawaiian Islands (Kittinger
et al. 2013). Eighty percent of former nesting sites present
between AD 1250 and 1950 have been eliminated or se-
verely reduced, and recovery on the French Frigate Shoals
has not resulted in their recolonization. This example
shows that historical biogeographic patterns can provide
another important variable for assessing progress toward
recovery of endangered species.

FISHERIES MANAGEMENT In fisheries management,
historical baselines can be useful for assessing the current
status of fish stocks, establishing allowable catch rates, and
determining rebuilding targets for overexploited species.
Unfortunately, in most cases, fisheries-independent re-
search surveys and catch data used to estimate stock abun-
dance are available only for the past few decades, yet many
fish stocks have been exploited for centuries. Here, histori-
cal data and analyses can help establish a more accurate
view of current stock status and place recent fluctuations
in along-term context, as they have done for the body sizes
of cod in the Gulf of Maine over the past 5,000 years (see
Figure 8.5C; Jackson et al. 2001) and for cod biomass on
the Scotian Shelf in the 1850s (see Figure 8.7B; Rosen-
berg et al. 2005). Similarly, use of extended time series can
demonstrate the degree to which populations fluctuated
in the past, which can affect perceptions of modern stock
status and rebuilding targets, as they have done for bluefin
tuna and Icelandic cod (Figure 8.19C,D; McClenachan et
al. 2012). And calculations of pre-exploitation stock size,
carrying capacity, or virgin biomass can help to establish
more accurate assessments of current compared with past
stock abundance (Myers et al. 2001; Myers and Worm
2005), often revealing highly depleted stocks that require
management for rebuilding. Data on small-scale fisheries

are often limited, and managers rely on a variety of non-
traditional data sources, such as interviews with resource
users or logbooks from recreational divers. In these fish-
eries, marine historical ecology can contribute important
knowledge, including changes in fish size (see Figure 8.11;
Séenz-Arroyo et al. 2005; McClenachan 2009) as well as
landings and catch-per-unit-effort, stock structure, and
ontogenetic shifts (Ames 2004; Lotze and Milewski 2004).
Such knowledge can further be used to explore different
management outcomes, as discussed for Chilean lobsters
(see Figure 8.17B). Historical data can also demonstrate an
ecosystem’s capacity to support fisheries. In the Hawaiian
Islands, catch reconstructions revealed that high levels of
subsistence fisheries were sustained for 400 years prior to
European contact, with catch levels higher than today’s
(McClenachan and Kittinger 2012).

Fisheries are affected by ecosystem changes, and his-
torical analyses provide essential information on long-term
ecological changes that affect fisheries productivity and di-
versity. In many coastal communities, historical overfish-
ing of marine predators has resulted in the release of their
prey, which can create new fisheries beneficial to humans.
In the kelp forests of the west coast of North America, for
example, sea urchin fisheries developed as the extirpation
of sea otters released urchins from predation (Palumbi
2010). Likewise, in the North Atlantic, severe reductions
in cod and other large predatory groundfishes resulted in
increases in shrimp, lobsters, sea urchins, and other inver-
tebrates that have supported economically valuable fisher-
ies (Worm and Myers 2003; Anderson et al. 2008; Boudreau
and Worm 2010). Placing current fisheries in a historical
context suggests that the long-term goals of fisheries man-
agement should include the restoration of ecosystems with
intact food webs, which in time will support more diversi-
fied options for fisheries (Steneck et al. 2011).

ECOSYSTEM RESTORATION  Restoration ecology has of-
ten relied on historical baselines, as it seeks “the return
of an ecosystem to a close approximation of its condition
prior to disturbance” (National Research Council 1992).
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Scaling up from managing species to restoring ecosys-
tems requires a different suite of historical information,
including species diversity, community structure, water
quality, habitat availability, and the ecosystem functions
provided in the past (Lotze et al. 2011b). For example, pol-
lution control in the Thames River in the United King-
dom has allowed the return of more than 110 fish species
since the 1960s, and reductions of nutrient loading in the
1970s in Tampa Bay, Florida, increased water clarity, re-
duced algal blooms, and allowed the recovery of seagrass
ecosystems (Cloern 2001). An understanding of historical
ecosystem function can provide quantifiable and ecologi-
cally meaningful restoration targets. For example, oyster
reefs provide up to $99,000 per hectare per year in value
to society through water filtration and denitrification in
the surrounding sediments (Grabowski et al. 2012), but
over the last 120 years, nearly 90% of oyster reef biomass
in U.S. estuaries has been lost (zu Ermgassen et al. 2012).
Restoration efforts that aim to return oyster reefs to den-
sities that support their former filtration capacity provide
a clear ecological and monetary value that can be used to
balance the costs of the restoration effort.

LEARNING FROM PAST MANAGEMENT SUCCESSES AND
FAILURES Finally, historical studies demonstrate ways in
which societies have managed marine resources in the past
and the degree to which those past management measures
have been successful (Lotze et al. in press). Throughout
history and around the world, people have responded to
declines in valuable marine resources by implementing
certain management measures, including fishing effort
and gear controls, quotas on catches or sizes, temporal or
spatial closures, and privatization or governance. Often,
however, the chosen measures were overruled, insuf-
ficient, or not fully implemented or enforced on the wa-
ter, and as a result were not able to halt further declines.
In many such cases, fisheries instead expanded to other
species or less fished regions or enhanced their efficiency
through technological advances (Lotze et al. in press). Yet
there are also successes in past fisheries management.
For example, in ancient Hawaii, high levels of subsistence
fishing for coral reef fish and invertebrates were sustained
with multiple management measures, including time—area
closures, limited entry into the fishery, community-based
management, and restrictions on the consumption of vul-
nerable species such as sharks and turtles. An analysis of
sustainability over several centuries demonstrated that so-
cial factors strongly influenced the trajectory of fisheries
over time and that high levels of fishing can be sustainable
if there are multiple management measures in place (Mc-
Clenachan and Kittinger 2012). Similarly, a combination
of multiple management measures has been successtul
in rebuilding some modern fish stocks in both large- and
small-scale fisheries (Worm et al. 2009). Thus past man-
agement successes and failures can inform future sustain-
able management and rebuilding.
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Over the last century, many conservation actions have
been successful at protecting and restoring populations
of a wide range of marine animals (Lotze et al. 2011b).
For example, the 1900 U.S. Lacey Act prohibited trade in
highly valued bird feathers, and the 1916 Migratory Bird
Treaty protected a range of bird species from hunting, egg
collection, and nest destruction. These laws were responsi-
ble for saving several species of wading birds and seabirds
from extinction and allowed widespread increases of bird
populations that had been targeted by nineteenth-century
hunters. The 1911 International Fur Seal Treaty did the
same for populations of fur seals and sea otters that were
near extinction at the turn of the twentieth century due
to hunting along the west coast of North America. Right,
bowhead, and gray whales, whose populations had been
hunted for their meat, o0il, and baleen since the sixteenth
century, received protection from the League of Nations,
which banned commercial whaling for these species in the
1930s (Lotze et al. 2011b). These successes can provide a
model for specific conservation actions in the future.

Teaching and communication

We began this chapter with a quotation: “Those who can-
not remember the past are condemned to repeat it” (San-
tayana 1905). This quote, of course, does not pertain only
to science and scientists, but to all of us. Marine historical
ecology provides critical information that can be taught in
schools and universities and communicated to the general
public with the goal of building a better future for society
and the ocean. Public awareness of how people’s choices,
cultural values, and actions have influenced the ocean in
the past can alter their behavior in the future. Moreover,
public engagement is a critical element of translating ma-
rine historical ecology into actual conservation and man-
agement action.

One important driver of our collective unawareness
about the ocean’s history is the loss of living memory:.
What we perceive as natural today may in fact be very
different from what our parents, grandparents, and great-
grandparents perceived as natural, as shown by the dif-
ferent sizes of the largest fish and the best day’s catch
recalled by young, middle-aged, and old fishermen (see
Figures 8.2 and 8.11). This “shifting baselines syndrome”
(Pauly 1995) can be used to describe declines in fisher-
ies, species diversity, and other metrics of ocean health,
like water quality and ecosystem services, in a way that
is accessible to the public. This concept has been commu-
nicated to the public across a variety of media types and
levels of engagement with issues of marine environmental
change. For example, images of trophy fish caught in the
Florida Keys over the last 50 were used to help communi-
cate to a scientific audience the results of an analysis that
quantified declines in the average size of the largest reef
fish (Figure 8.20A). These same images were integrated
into in a display at the National Museum of Natural His-
tory’s Sant Ocean Hall in Washington, DC to illustrate the
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SIZE
MATTERS!

BIG FISH were a common catch just 50 years ago.
Not anymore!

1950s g .
Where have all the BIG FISH gone?

Overfishing has left few big fish in the ocean,

As the fish we catch have gotten smaller, we've forgotten
what a really big fish should look like! Our baseline of
comparison for how big a ‘big fish® should be has shifted,

In the late 1950s, Florida Key's fishermen caught big trophy
fish—some aver 6 feet long. Today, despite improvements.

in fishing technology, most trophy fish caught there measure
just a foot in length.

Photos like these provide a historical perspective to help us unds
changes in fish size and numbers and whal they should ook Ike. .

.50 that we know how lo resiore and sustain them.

YOU CAN HELIP"!

* Speak Up!
— Al the supermarke! of resiaurant, ask if the sealood
is sustainable
Tell them you support fishing practices that ansure
Ihese will be plenty of fish for future generations

® |f you go fishing, follow the regulated size and catch limits. Ses how scientists use old logs, journais,
® Support marine protected areas ihat help conserve, photes to solve scological mystenes at
protect. and enhance biodiversity, noaa

Figure 8.20 Three different ways of
communicating the effects of overfish-
ing on the size of fish to the general
public: (A) through the scientific litera-
ture (from McClenachan 2009); (B) mu-
seum exhibit in the National Museum
of Natural History’s Sant Ocean Hall in
Washington DC; (C) through humor,

as revealed in a Bizarro comic. (A from
McClenachan 2009; B Sant Ocean Hall/
Smithsonian Institution/ NOAA; C ©
Dan Piraro, bizarrocomics.com).
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concept of shifting baselines and the loss of large fish from
coral reef environments for a public interested in marine
science (Figure 8.20B). And a cartoon with a similar mes-
sage shows two sizes of “trophy fish” in the 1950s and in
2009 (Figure 8.20C), communicating the idea of shifting
baselines (and waistlines) to a wider online audience who
might not otherwise be engaged with marine issues. The
online site named after Pauly’s concept, “www.shifting-
baselines.org,” has also used humor to bring attention to
long-term changes in marine ecosystems. For example, a
public service announcement communicated concepts of
fishing down the food web and the impacts of size selec-
tive fisheries on fish populations by parodying anglers
who are proud of catching minuscule fish.

Historical ecology can also help communicate tangi-
ble conservation and management goals and engage the
public to translate them into action. Whereas goals like
“improving current conditions” are difficult to envision,
information from the past provides the public with a clear
vision of the possible states of marine animals and eco-
systems that could be achieved if conservation and man-
agement actions are successful. For example, the images
of large reef fish caught in the 1950s in the Florida Keys
(see Figure 8.20A) provide a positive and tangible goal that
anglers, scuba divers, and others can use to envision the
future that may be achieved if depleted fish populations
are allowed to recover. As well, historical data can con-
tradict public opinion and demonstrate to the public what
full ecosystem recovery might look like: recovering har-
bor seals in the Wadden Sea were seen by many as being
unnaturally abundant, since nobody had ever seen that
many seals in their lifetime. Moreover, the population was
affected twice by disease outbreaks, creating the impres-
sion that it might have reached its carrying capacity. Yet
historical reconstruction revealed that the late-twentieth-
century population numbered only half as many seals as
were probably present 100 years earlier (see Figure 8.9B),
suggesting that current seal populations are natural and
still recovering,.

Finally, highlighting the link between the well-being
of coastal communities and the health of ocean ecosys-
tems over time helps to illustrate the many ways in which
humans and their environment are connected. The U.S.
National Marine Sanctuaries Program provides a model
for such communication, as its goal is to preserve both the
ecological integrity and the cultural history of its sanc-
tuaries. For example, the public outreach materials for
the Stellwagen Bank National Marine Sanctuary (NOAA
2013) describe the maritime history of the region and the
ways in which seafarers interacted with the marine life
in the sanctuary’s waters over time. Such integration of
history and ecology illustrates the influence of people’s
choices and cultural values in the past, today, and for the
future. Overall, educating a new generation of children
and students and informing the public about the long-
term history of change in marine populations, ecosystems,
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and coastal societies will contribute to a better future for
the ocean and the blue planet.
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