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seagrass beds in ways that increased their
vulnerability to recent events.

Vast populations of very large green turtles
were eliminated from the Americas before the
19th century (/, 2) (Table 1). Formerly great
populations of green turtles in Moreton Bay,
Australia, also were greatly reduced by the
early 20th century (66). Moreover, there are no
estimates of abundances of turtles in Australia
at the dawn of European exploitation, so that
reported reductions must be only a small frac-
tion of the total numbers lost. All turtle species
continue to decline at unsustainable rates along
the Great Barrier Reef today (67).

Abundant green turtles closely crop
turtlegrass and greatly reduce the flux of
organic matter and nutrients to sediments
(59-62, 68). In the near absence of green
turtles today, turtlegrass beds grow longer
blades that baffle currents, shade the bot-
tom, start to decompose in situ, and provide
suitable substrate for colonization by the
slime molds that cause turtlegrass wasting
disease (65). Deposition within the beds of
vastly more plant detritus also fuels micro-
bial populations, increases the oxygen de-
mand of sediments, and promotes hypoxia
(65). Thus, all the factors that have been
linked with recent die-off of turtlegrass
beds in Florida Bay (65), except for chang-
es in temperature and salinity, can be at-
tributed to the ecological extinction of
green turtles (27).

European colonists did not exploit tropical
American manatees as systematically as they
exploited green turtles, so the data related to
fisheries are poor. We know, however, that
manatees were extensively fished by aboriginal
people and by early colonists (68). In Australia,
aboriginal people also harvested dugongs ex-
tensively long before European colonization
(3), yet the numbers reported by early colonists
were vast. Three- or four-mile-long herds com-
prising tens of thousands of large individuals
were observed in Wide Bay in about 1870 (69)
and in Moreton Bay as recently as 1893 (70).
Widespread colonial exploitation of dugongs
for their flesh and oil along the southern
Queensland coast resulted in the crash of the
dugong fishery by the beginning of the 20th
century (3) (Table 1). Ironically, scientists re-
cently reported the “discovery of a large popu-
lation” of dugongs in Moreton Bay—a mere
300 individuals (71). Further north, numbers of
dugongs in the vast southern half of the Great
Barrier Reef had dwindled to fewer than 4000
when they were first accurately counted in
1986—87, with a further 50 to 80% decline in
recent years (72). These increasingly fragment-
ed populations represent the last remnants of
the vast herds of the early 19th century and
before.

The ecological implications of these re-
ductions are at least as impressive as those for
green turtles. Moderate sized herds of dug-
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ongs remove up to 96% of above-ground
biomass and 71% of below-ground biomass
of seagrasses (73). Their grazing rips up large
areas of seagrass beds, providing space for
colonization by competitively inferior species
of seagrasses. Dugong grazing also produces
massive amounts of floating debris and dung
that are exported to adjacent ecosystems. The
decline in seagrasses in Moreton Bay is cer-
tainly due in large part to the dramatic decline
in water quality due to eutrophication and
runoff of sediment (63, 64). Nevertheless, as
noted for green turtles and turtlegrass in Flor-
ida Bay, the cessation of systematic plowing
of the bay floor by once abundant dugongs
must also have been a major factor.

Oysters and Eutrophication in
Estuaries

Temperate estuaries worldwide are undergo-
ing profound changes in oceanography and
ecology due to human exploitation and pol-
lution, rendering them the most degraded of
marine ecosystems (74-76) (Fig. 1, E and F).
The litany of changes includes increased sed-
imentation and turbidity (77); enhanced epi-
sodes of hypoxia or anoxia (74, 75, 77); loss
of seagrasses (78) and dominant suspension
feeders (79), with a general loss of oyster reef
habitat (80); shifts from ecosystems once
dominated by benthic primary production to
those dominated by planktonic primary pro-
duction (77); eutrophication (74-76) and en-
hanced microbial production (87); and higher
frequency and duration of nuisance algal and
toxic dinoflagellate blooms (82, &3), out-
breaks of jellyfish (79), and fish kills (83).
Most explanations for these phenomena em-
phasize “bottom-up” increases in nutrients
like nitrogen and phosphorus as causes of
phytoplankton blooms and eutrophication
(74-76), an interpretation consistent with the
role of estuaries as the focal point and sewer
for many land-based, human activities. Nev-
ertheless, long-term records demonstrate that
reduced “top-down” control resulting from
losses in benthic suspension feeders predated
eutrophication.

The oldest and longest records come from
cores in sediments from Chesapeake Bay
(77) and Pamlico Sound (84) in the eastern
United States and from the Baltic Sea (85)
that extend back as far as 2500 yr B.P. (Fig.
2C and Table 1). A general sequence of
ecological change is apparent in all three
cases, but the timing of specific ecological
transitions differs among estuaries in keeping
with their unique histories of land use, ex-
ploitation, and human population growth—a
difference that rules out a simple climatic
explanation. Increased sedimentation and
burial of organic carbon began in the mid—
18th century in Chesapeake Bay, coincident
with widespread land clearance for agricul-
ture by European colonists (77). The main

ecological response was a gradual shift in the
taxa responsible for primary production that
began in the late 18th century. Seagrasses and
benthic diatoms on the bay floor declined,
while planktonic diatoms and other phyto-
plankton in the water column corresponding-
ly increased. However, anoxia and hypoxia
were not widespread until the 1930s when
phytoplankton populations and the flux of
organic matter to the bay floor increased
dramatically with concomitant loss of benthic
fauna (75, 77) (Fig. 2C and Table 1). Similar
changes began in the 1950s in the Baltic Sea,
with widespread expansion of the extent of
anoxic laminated sediments (74, 85), and in
the 1950s to 1970s in Pamlico Sound (84).

Vast oyster reefs were once prominent
structures in Chesapeake Bay (/7), where
they may have filtered the equivalent of the
entire water column every 3 days (79). De-
spite intensive harvesting by aboriginal and
early colonial populations spanning several
millennia, it was not until the introduction of
mechanical harvesting with dredges in the
1870s that deep channel reefs were seriously
affected (79, 80). Oyster catch was rapidly
reduced to a few percent of peak values by
the early 20th century (79, 80) (Fig. 2C and
Table 1). Only then, after the oyster fishery
had collapsed, did hypoxia, anoxia, and other
symptoms of eutrophication begin to occur in
the 1930s (75, 77), and outbreaks of oyster
parasites became prevalent only in the
1950s (80). Thus, fishing explains the bulk
of the decline, whereas decline in water
quality and disease were secondary factors
(80). However, now that oyster reefs are
destroyed, the effects of eutrophication,
disease, hypoxia, and continued dredging
interact to prevent the recovery of oysters
and associated communities (86). Field ex-
periments in Pamlico Sound demonstrate
that oysters grow well, survive to maturity,
and resist oyster disease when elevated
above the zone of summer hypoxia—even
in the presence of modern levels of eu-
trophication and pollution (87).

Overfishing of oysters to the point of eco-
logical extinction is just one example in a
general pattern of removal of species capable
of top-down control of community structure
in estuaries. Dense populations of oysters and
other suspension-feeding bivalves graze
plankton so efficiently that they limit blooms
of phytoplankton and prevent symptoms of
eutrophication (88, 89), just as occurs with
grazing by zooplankton in freshwater ecosys-
tems (90). The ecological consequences of
uncounted other losses are unknown. Gray
whales (now extinct in the Atlantic), dol-
phins, manatees, river otters, sea turtles, alli-
gators, giant sturgeon, sheepshead, sharks,
and rays were all once abundant inhabitants
of Chesapeake Bay but are now virtually
eliminated.
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Continental shelves cover more of the ocean
floor than all previously discussed environ-
ments combined. Commercially important
cod, halibut, haddock, turbot, flounder,
plaice, rays, and a host of other ground fishes,
scallops, cockles, and oysters have been
fished intensively for centuries from conti-
nental shelves of Europe and North America,
and more recently throughout the world (3, 7,
10, 91). Hook-and-line fishing was replaced
by intensive use of the beam trawl during the
18th century, and industrialized fishing was
further intensified with the advent of large
steam- and diesel-powered vessels and the
otter trawl at the end of the 19th century.
Reports of severely depleted fish stocks and
shifting of fishing grounds farther and farther
from home ports into the North Sea and the
outer Grand Banks were commonplace by the
beginning of the 19th century. Scientific in-
vestigation consistently lagged behind eco-
nomic realities of depleted stocks and inexo-
rable exploitation of more-distant fishing
grounds. As late as 1883, Thomas Huxley
claimed that fish stocks were inexhaustible
(92), a view discredited by the beginning of
the 20th century (5). Today, several formerly
abundant, large fish as well as formerly dense
assemblages of suspension feeders are eco-
logically extinct over vast areas (7—10, 93).

The Primacy of Overfishing in Human
Disturbance to Marine Ecosystems

Overfishing of large vertebrates and shellfish
was the first major human disturbance to all
coastal ecosystems examined (Table 1). Eco-
logical changes due to overfishing are strik-
ingly similar across ecosystems despite the
obvious differences in detail (Fig. 1, A to F).
Everywhere, the magnitude of losses was
enormous in terms of biomass and abundance
of large animals that are now effectively ab-
sent from most coastal ecosystems world-
wide. These changes predated ecological in-
vestigations and cannot be understood except
by historical analysis. Their timing in the
Americas and Pacific closely tracks European
colonization and exploitation in most cases.
However, aboriginal overfishing also had ef-
fects, as exemplified by the decline of sea
otters (and possibly sea cows) in the northeast
Pacific thousands of years ago.

There are three important corollaries to
the primacy of overfishing. The first is that
pollution, eutrophication, physical destruc-
tion of habitats, outbreaks of disease, inva-
sions of introduced species, and human-
induced climate change all come much later
than overfishing in the standard sequence
of historical events (Fig. 3). The pattern
holds regardless of the initial timing of
colonial overfishing that began in the
Americas in the 16th and 17th centuries and
in Australia and New Zealand in the 19th
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century. The full sequence of events is most
characteristic of temperate estuaries like
Chesapeake Bay. Not all the human distur-
bances illustrated in Fig. 3 have affected all
ecosystems yet. But wherever these events
have occurred, the standard chronological
sequence of human disturbance and modi-
fication of ecosystems is recognizable.

The second important corollary is that
overfishing may often be a necessary precon-
dition for eutrophication, outbreaks of dis-
ease, or species introductions to occur (27).
For example, eutrophication and hypoxia did
not occur in Chesapeake Bay until the 1930s,
nearly two centuries after clearing of land for
agriculture greatly increased runoff of sedi-
ments and nutrients into the estuary (77).
Suspension feeding by still enormous popu-
lations of oysters was sufficient to remove
most of the increased production of phyto-
plankton and enhanced turbidity until me-
chanical harvesting progressively decimated
oyster beds from the 1870s to the 1920s (77,
80) (Fig. 2C).

The consequences of overfishing for out-
breaks of disease in the next lower trophic level
fall into two categories. The most straightfor-
ward is that populations in the lower level
become so dense that they are much more
susceptible to disease as a result of greatly
increased rates of transmission (94). This was
presumably the case for the sea urchin Diadema
on Caribbean reefs and the seagrass Thalassia
in Florida Bay. In contrast, among oysters dis-
ease did not become important in Chesapeake
Bay until oysters had been reduced to a few
percent of their original abundance (80), a pat-
tern repeated in Pamlico Sound (86, 87) and
Foveaux Strait, New Zealand (93). Two factors
may be responsible. First, oysters may have
become less fit owing to stresses like hypoxia
or sedimentation, making them less resistant to
disease (87). Alternatively, suspension feeding
by dense populations of oysters and associated
species on oyster reefs may have indirectly
limited populations of pathogens by favoring
other plankton—an explanation that may ex-
tend to blooms of toxic plankton and most other

Fig. 3. Historical se-
quence of human distur-
bances affecting coastal
ecosystems. Fishing (step
1) always preceded other
human disturbance in all
cases examined. This is
the basis for our hypoth-
esis of the primacy of
overfishing in the deterio-
ration of coastal ecosys-
tems worldwide. Subse-
quent steps 2 through 5
have not been observed in
every example and may
vary in order.

Human

expansion —> habitat

\\

1

outbreaks of microbial populations (88).

The third important corollary is that
changes in climate are unlikely to be the
primary reason for microbial outbreaks and
disease. The rise of microbes has occurred at
different times and under different climatic
conditions in different places, as exemplified
by the time lag between events in Chesapeake
Bay and Pamlico Sound (77, 79, 80, 84).
Anthropogenic climate change may now be
an important confounding factor, but it was
not the original cause. Rapid expansion of
introduced species in recent decades (95)
may have a similar explanation, in addition to
increase in frequency and modes of transport.
Massive removal of suspension feeders, graz-
ers, and predators must inevitably leave ma-
rine ecosystems more vulnerable to invasion
(96, 97).

Synergistic Effects of Human
Disturbance

Ecological extinction of entire trophic levels
makes ecosystems more vulnerable to other
natural and human disturbances such as nu-
trient loading and eutrophication, hypoxia,
disease, storms, and climate change. Expan-
sion and intensification of different forms of
human disturbance and their ecological ef-
fects on coastal ecosystems have increased
and accelerated with human population
growth, unchecked exploitation of biological
resources, technological advance, and the in-
creased geographic scale of exploitation
through globalization of markets. Moreover,
the effects are synergistic, so that the whole
response is much greater than the sum of
individual disturbances (98). This is perhaps
most apparent in the rise of eutrophication,
hypoxia, and the outbreak of toxic blooms
and disease following the destruction of oys-
ter reefs by mechanical harvesting of oysters
(79, 80, 86). Other possible examples are
outbreaks of seagrass wasting disease due to
the removal of grazers of seagrasses like the
green turtle (27).

A striking feature of such synergistic effects
is the suddenness of the transition in abundance
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of different kinds of organisms and com-
munity composition due to threshold ef-
fects (99). Ecological diversity and redun-
dancy within trophic levels is probably the
most important reason for the delay or time
lag between the onset of fishing and the
subsequent threshold response (42, 100).
The importance of biodiversity in the form
of ecological redundancy is clearly appar-
ent for the delay in the collapse of kelp
forests in southern California compared
with Alaska after the extirpation of sea
otters. Sheephead fish, spiny lobsters, and
abalone in the more diverse Californian
kelp forests kept sea urchin populations in
check until these predators and competitors
of sea urchins had also been effectively
eliminated (8, 36). Similarly, the sea urchin
Diadema kept macroalgae in check long
after the extreme overfishing of herbivo-
rous fishes on Caribbean coral reefs (42).
A second potentially important mecha-
nism for the suddenness of ecosystem col-
lapse is the elimination of previously un-
fished refuges that were protected historically
because of distance or expense of access. For
example, reef fishes all around Jamaica in the
1960s rarely reached reproductive maturity
so that the abundant recruits of fishes on
Jamaican reefs at that time must have come
from undiscovered populations in Jamaica or
elsewhere (/01). But as more and more reefs
have been overfished, the potential sources of
such recruits must have effectively disap-
peared over wider areas (/02). A similar sce-
nario has been proposed for the American
lobster with regard to loss of larvae from
deep-water offshore stocks (103).

Microbialization of the Global Coastal
Ocean

Most recent changes to coastal marine eco-
systems subsequent to overfishing involve
population explosions of microbes responsi-
ble for increasing eutrophication (74-76, 81),
diseases of marine species (/04), toxic
blooms (82, 83), and even diseases such as
cholera that affect human health (104, 105).
Chesapeake Bay (87) and the Baltic Sea (74)
are now bacterially dominated ecosystems
with a trophic structure totally different from
that of a century ago. Microbial domination
also has expanded to the open ocean off the
mouth of the Mississippi River (/06) and to
the Adriatic Sea (/07).

Nowhere is the lack of historical perspec-
tive more damaging to scientific understand-
ing than for microbial outbreaks. Plans for
remediation of eutrophication of estuaries are
still based on the belief that eutrophication is
caused only by increased nutrients without
regard to overfishing of suspension feeders.
Even more remarkable is the attribution of
the rise in marine diseases to climate change
and pollution (/04) without regard to the
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pervasive removal of higher trophic levels
and the asynchronous outbreaks of disease in
different ecosystems that belie a simple cli-
matic explanation.

Historical Perspectives for Ecosystem
Restoration

The characteristic sequence of human distur-
bance to marine ecosystems (Fig. 3) provides
a framework for remediation and restoration
that is invisible without a historical perspec-
tive. More specific paleoecological, archaeco-
logical, and historical data should be obtained
to refine the histories of specific ecosystems
and as a tool for management, but the overall
patterns are clear. The historical magnitudes
of losses of large animals and oysters were so
great as to seem unbelievable based on mod-
ern observations alone (Table 1). Even seem-
ingly gloomy estimates of the global percent-
age of fish stocks that are overfished (/08)
are almost certainly far too low. The shifting
baseline syndrome is thus even more insidi-
ous and ecologically widespread than is com-
monly realized.

On the other hand, recognition of these
losses shows what coastal ecosystems could
be like, and the extraordinary magnitude of
economic resources that are retrievable if we
are willing to act on the basis of historical
knowledge. The central point for successful
restoration is that loss of economically im-
portant fisheries, degradation of habitat at-
tractive to landowners and tourists, and emer-
gence of noxious, toxic, and life-threatening
microbial diseases are all part of the same
standard sequence of ecosystem deterioration
that has deep historical roots (27). Respond-
ing only to current events on a case-by-case
basis cannot solve these problems. Instead,
they need to be addressed by a series of bold
experiments to test the success of integrated
management for multiple goals on the scale
of entire ecosystems. With few exceptions,
such as the Caribbean monk seal and Steller’s
sea cow, most species that are ecologically
extinct probably survive in sufficient num-
bers for successful restoration. This optimism
is in stark contrast with the state of many
terrestrial ecosystems where many or most
large animals are already extinct (28). More-
over, we now have the theoretical tools (109)
to roughly estimate per capita interaction
strengths of surviving individuals of now rare
animals like sea turtles, sirenians, sharks, and
large groupers. We can then use these data to
build tentative models of the consequences of
the renewed abundance of these species in
their native environments that can in turn be
used to design large-scale, adaptive experi-
ments for ecosystem restoration, exploitation,
and management (96, 108, 110).

One obviously timely and overdue exper-
iment is to attempt the amelioration of eu-
trophication, hypoxia, and toxic blooms in

Chesapeake Bay by massive restoration of oys-
ter reefs (79). Experiments in Pamlico Sound
show that this is possible (86, 87, 96), and
modeling of food webs suggests that even par-
tial restoration of oysters would reduce eu-
trophication substantially (//0). Aquaculture of
suspension-feeding bivalves like oysters might
be promoted to reverse the effects of eutrophi-
cation and to restore water quality in degraded
estuaries. Other important examples include the
restoration of coral reefs and seagrass beds by
protection of fishes, sharks, turtles, and sire-
nians in very large reserves on the scale of all of
Florida Bay and the Florida Keys—an ap-
proach recently advocated for terrestrial ecosys-
tems (/77). Once again, small-scale grazing
experiments with reef fishes (/7/2) show that
fishes could reverse the overgrowth of corals by
macroalgae on a massive scale. The potential
for reducing diseases of corals and turtlegrass
by restoring natural levels of grazing is unprov-
en but consistent with historical evidence (27).

In summary, historical documentation of the
long-term effects of fishing provides a hereto-
fore-missing perspective for successful man-
agement and restoration of coastal marine eco-
systems. Previous attempts have failed because
they have focused only on the most recent
symptoms of the problem rather than on their
deep historical causes. Contrary to romantic
notions of the oceans as the “last frontier”
and of the supposedly superior ecological
wisdom of non-Western and precolonial
societies, our analysis demonstrates that
overfishing fundamentally altered coastal
marine ecosystems during each of the cul-
tural periods we examined. Changes in eco-
system structure and function occurred as
early as the late aboriginal and early colo-
nial stages, although these pale in compar-
ison with subsequent events. Human im-
pacts are also accelerating in their magni-
tude, rates of change, and in the diversity of
processes responsible for changes over
time. Early changes increased the sensitiv-
ity of coastal marine ecosystems to subse-
quent disturbance and thus preconditioned
the collapse we are witnessing.
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Cod body length for samples older than 50 years was
derived from cod vertebrae collected at the Turner
Farm shell midden, North Haven, Maine. Five occupa-
tions are recognized: Occupations 1 (5300 to 4900 yr
B.P.), 2 (4500 to 4200 yr B.P.), 3 (3700 to 3500 yr B.P.),
and 4 (= Ceramic Period, 3000 to 1000 yr B.P.), and
Plow Zone (mixed from earlier occupations but mostly
postdating 1000 yr B.P.). Regression of body length on
vertebra diameter of living cod allowed estimation of
body lengths from vertebrae of ancient cod [y =
61.0 + 204.6log(x)]. This model assumes that we are
using the largest vertebra for each fish, and will there-
fore tend to underestimate actual body size in cases
where smaller vertebrae are used. Data from the past
50 years are actual body lengths reported from coastal
zones [H. B. Bigelow, W. C. Schroeder, Fish. Bull. Fish
Wildl. Serv. 53, 1 (1953); J. S. Hacunda, Fish. Bull. 79,
775 (1981); F. P. Ojeda, thesis (Univ. of Maine, 1987)].
Percent Caribbean localities with A. palmata or A.
cervicornis as the dominant or codominant corals
were derived from 50 studies from Antigua, Ba-
hamas, Barbados, Belize, Bonaire, Cayman Islands,
Colombia, Dominican Republic, Florida, Haiti, Ja-
maica, Mexico, Netherlands Antilles, Panama,
Puerto Rico, and U.S. Virgin Islands. Studies con-
tained either paleoecological data from outcrops
of fossil reefs or from sediment cores, or ecolog-
ical data. For A. palmata, only localities described
as reef crest or between 0- and 10-m water depth
were included (131 localities). For A. cervicornis,
only localities described as forereef, reef slope, or
between 10- and 20-m water depth were included
(72 localities). Leeward and windward environ-
ments were not distinguished. The percentage of
localities that contained A. palmata or A. cervi-
cornis as the most abundant coral was estimated
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for four time intervals: Late Pleistocene (before
humans arrived in the Americas), Holocene (when
only aboriginal populations were present), pre-
1983 (before the mass mortality of Diadema
antillarum), and post-1983 (after the Diadema
mortality).
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Noisy Clockwork: Time Series Analysis of
Population Fluctuations in Animals

Ottar N. Bjornstad’* and Bryan T. Grenfell?

Both biotic interactions and abiotic random forcing are crucial influences
on population dynamics. This frequently leads to roughly equal impor-
tance of deterministic and stochastic forces. The resulting tension be-
tween noise and determinism makes ecological dynamics unique, with
conceptual and methodological challenges distinctive from those in other
dynamical systems. The theory for stochastic, nonlinear ecological dynam-
ics has been developed alongside methods to test models. A range of
dynamical components has been considered—density dependence, envi-
ronmental and demographic stochasticity, and climatic forcing—as well as
their often complex interactions. We discuss recent advances in under-
standing ecological dynamics and testing theory using long-term data and
review how dynamical forces interact to generate some central field and

laboratory time series.

The century of studies in population ecology
has been dominated by a nested set of debates
regarding the importance of various dynami-
cal forces. The first controversy concerned
the relative impact of biotic versus abiotic
control of population fluctuations. The key
question was the relative importance of
“noise” (small-scale, high-frequency stochas-
tic influences) versus climatic forcing (larger-
scale, often lower-frequency signals) versus
nonlinear interactions between individuals
of the same or different species. The second
question concerned the impact of intrinsic
(i.e., intraspecific) processes, as opposed to
extrinsic or community-level interactions,
an argument that has been particularly heat-
ed with reference to population cycles. A
third debate, nested within the latter, con-
cerns the “dimensionality” of population
fluctuations; given that most populations
are embedded in rich communities and af-
fected by numerous interspecific interac-
tions, can simple (low-dimensional) models
involving one or a few species capture the
patterns of fluctuations? All these questions
have been studied through a number of
detailed analyses of specific systems in
which theoretical models are linked with
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long-term studies (often 10 or more gener-
ations) through time series analysis.

There has been much parallel and inter-
twined development of these three dynamical
themes, and history testifies to a succession
of popularity of the various positions (7).
Crudely summarized, early focus on extrinsic
influences was replaced by the “density-de-
pendent paradigm” (2) in the 1950s and
1960s. This accelerated in the late 1970s,
with May’s cri de coeur (3) about the poten-
tial of dynamical complexity even in simple
models, leading to a focus in the 1980s on
nonlinearity and the detection of determinis-
tic chaos (Taken’s embedology, Lyapunov
exponents, etc.). Research has focused on
two fronts in the past decade: (i) the impact of
large-scale climatic forcing, coinciding with
the rise in popularity of climate change stud-
ies through the early 1990s, and (ii) stochas-
tic nonlinear models that combine the nonlin-
ear deterministic and (largely) linear stochas-
tic theories. The goal in synthesizing these
approaches in recent years is to understand
how population fluctuations arise from the
interplay of noise, forcing, and nonlinear dy-
namics. The comparable importance of deter-
ministic and stochastic forces makes ecolog-
ical dynamics unique. In particular, the inter-
action between noise and nonlinear determin-
ism in ecological dynamics adds an extra
level of complexity compared with the large-
ly stochastic dynamics of, say, economic sys-
tems or the largely deterministic dynamics of
many physical and chemical processes.

The dynamics of marine stocks serve as
an illustration of the current paradigm. Most
commercial fish stocks vary greatly in abun-
dance and the associated time series exhibit
complex spectra, with combinations of high-
frequency oscillations and longer term trends
(4, 5) (Fig. 1). High-frequency oscillations
are thought to arise from environmental vari-
ability particularly affecting reproduction
[through expatriation of eggs, temperature-
induced mortality, etc. (4)], as well as inter-
actions between individuals (competition and
cannibalism) or between species (fish-fish or
plankton-fish interactions). The low-frequen-
cy oscillations and trends are usually related
to external forcing such as overfishing, cli-
matic changes, and decadal, supra-, or super-
decadal oscillations in climate. The most re-
cent studies that combine theoretical model-
ing with time series analysis indicate that the
full variability in marine stocks can only be
explained by considering the interaction be-
tween nonlinear dynamics and stochastic
forcing (5, 6), often in the face of strong
human influences (7, §) and obscured by
measurement error (3, 7).

The relative importance of different com-
ponents of ecological dynamics differs some-
what between systems—notably between ter-
restrial versus marine, vertebrate versus in-
vertebrate, simple versus complex life-cycle,
etc. However, evidence is mounting that all
components contribute and interact at partic-
ular spatial and temporal scales in most sys-
tems. Here we review the current understand-
ing of the different forces that drive ecolog-
ical dynamics.

Simple  density-dependent  interactions.
Nonlinear, density-dependent interactions can
potentially stabilize or promote fluctuations
in abundance because such interactions can
either result in stable equilibria (point attrac-
tors, namely “the carrying capacity”) or cy-
clic or chaotic attractors, associated with
strongly overcompensatory density depen-
dence (3). About 25 years ago, Hassell ef al.
(9) and Gurney et al. (10) took the bold step
of insisting that the then-qualitative, strategic
theory ought to be testable by analyses of
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