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The Science of Environment

Ecology has been studied since the dawn of culture.
Humans depended on the natural world for survival:
knowing about both animals and plants was vital to draw

Abstract

Modern ecology arose from natural history when Vito Volterra analysed Um-
berto D’Ancona’s time series of Adriatic fisheries, formulating the famous
equations describing the linked fluctuations of a predator—prey system. The
shift from simple observation to careful sampling design, and hypothesis build-
ing and testing, often with manipulative approaches, is probably the most rele-
vant innovation in ecology, leading from descriptive to experimental studies,
with the use of powerful analytical tools to extract data (from satellites to
molecular analyses) and to treat them, and modelling efforts leading to predic-
tions. However, the historical component, time, is paramount in environmental
systems: short-term experiments must cope with the long term if we want to
understand change. Chaos theory showed that complex systems are inherently
unpredictable: equational, predictive science is only feasible over the short term
and for a small number of variables. Ecology is characterized by a high number
of variables (e.g. species) interacting over wide temporal and spatial scales. The
greatest recent conceptual innovation, thus, is to have realized that natural his-
tory is important, and that the understanding of complexity calls for humility.
This is not a return to the past, because now we can give proper value to sta-
tistical approaches aimed at formalizing the description and the understanding
of the natural world in a rigorous way. Predictions can only be weak, linked to
the identification of the attractors of chaotic systems, and are aimed more at
depicting scenarios than at forecasting the future with precision. Ecology was
originally split into two branches: autecology (ecology of species) and synecol-
ogy (ecology of species assemblages, communities, ecosystems). The two
approaches are almost synonymous with the two fashionable concepts of today:
‘biodiversity’ and ‘ecosystem functioning’. A great challenge is to put the two
together and work at multiple temporal and spatial scales. This requires the
identification of all variables (i.e. species and their ecology: biodiversity, or
autoecology) and of all connections among them and with the physical world
(i.e. ecosystem functioning, or synecology). Marine ecosystems are the least
impacted by human pressures, compared to terrestrial ones, and are thus the
best arena to understand the structure and function of the natural world,
allowing for comparison between areas with and areas without human impact.

resources from the environment, and our ancestors had
to learn where to get the animals and plants they needed.
Our understanding of environmental functioning, how-
ever, was aimed at exploitation and did not care about
management and conservation. In the Pleistocene,
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humans pushed many terrestrial species to extinction sim-
ply by hunting them (Alroy 2001), and then, with agricul-
ture (Diamond 2002), they devastated pristine habitats
for millennia, leading to environmental catastrophes that
resulted in the disappearance of the civilizations that
caused them (e.g. Jansen & Scheffer 2004). Only recently
have humans started to understand that nature is limited
and that exploitation of its resources requires proper
management and conservation (Malthus 1798). The
response of human populations to environmental devasta-
tion, until now, has simply been demographic collapse
due to famine, disease, or war. Even if the origin of
taboos is linked with a perceived need to preserve some
precious and delicate species or habitats (Colding & Folke
1997), non-formalized science rarely attempted to con-
serve natural resources. This was particularly true for the
marine environment, originally presumed to be inex-
haustible (Huxley 1884). Only recently, again, have
humans perceived that the exploitation of marine popula-
tions cannot proceed indefinitely.

The precondition of a proper understanding to per-
form proper management has led to deeper studies of
marine ecosystems, with great conceptual innovations
based on a philosophical revolution in marine ecology.
Everything started from fisheries.

Reductionistic Fisheries Science

Modern ecology started with Vito Volterra’s models of fish-
eries (Kingsland 1995; Gatto 2009). However, the famous
equations, obtained independently by Lotka, accounted for
just two species. It is a common approach, especially in
physics, to consider variables in couples, assuming that the
rest of the system remains unvaried. Complex systems,
thus, are analysed as simplified subsets to reduce their
complexity, the subsets then eventually re-assembled to
make inferences about the structure and function of the
system while considering all its variables. This attitude
stems also from the famous Poincaré’s ‘problem of the
three bodies’ (Poincaré 1890), postulating that when more
than two variables (bodies) are considered, their behaviour
becomes inherently unpredictable after just a few inter-
actions. The same conclusion was reached later by chaos
theory. In fisheries science, the two variables were the
abundance of the target species and the fishing effort of
humans. The target species (the prey) was considered as a
single item, and its population dynamics were studied by
considering the succession of cohorts extrapolated from
the measurement of individuals. Humans, with fisheries,
are the main source of mortality for the target species. It is
true that overfishing is an overwhelming source of mortal-
ity for many species, but this scenario is far too simple.
Fisheries management resulted in tragic failure (Jackson
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et al. 2001), partly due to the oversimplification of models
and partly due to the lack of responsiveness by both arti-
sanal and industrial fisheries to the advice of fishery scien-
tists. The fish-human approach, thus, required a drastic
change in attitude, and the European Union embraced the
ecosystem approach, proposed in 1992 by the Rio Conven-
tion on Biological Diversity. Humans and fish cannot be
extracted from the ecosystem(s) they inhabit. This means
that the number of variables is much greater than two.
Another innovation, stemming from the unavoidable
uncertainty of the sciences of complexity, was the precau-
tionary principle. To prevent is better than to cure: it is
always safer to consider the worst case scenario when the
available knowledge is not sufficient to perform safe pre-
dictions about the effects of our action.

Fisheries Statistics

Although the modelling of fisheries is not reliable in
terms of predicting the future, fisheries statistics are a
precious source of information to understand the present
by analysing the past. Another great innovation was thus
the synthesis of fisheries statistics worldwide to assess the
health of fish populations. After all, fisheries is a sort of
sampling, and from fisheries data we have a continuous
quantitative evaluation of fish populations. Samples, how-
ever, should not disturb the investigated system, whereas
in the case of fisheries, sampling is highly destructive. The
late Ransom Myers, a mathematician, became famous by
collecting the scattered data of fisheries yields worldwide
and by analysing them to estimate the global conditions
of fish populations. His sampling effort was negligible,
the samples were there, in the drawers of fisheries scien-
tists. He ‘just’ retrieved the pieces of the puzzle and put
them together. The derived picture was appalling (Myers
& Worm 2003). Large fish are quickly disappearing and,
as Pauly ef al. (1998) said, we are ‘fishing down marine
food webs’, as the higher levels of food webs are almost
exhausted. In the Pleistocene, human hunters depleted
the terrestrial megafauna and drove many species to
extinction. Now we are doing the same to the marine
megafauna. Our ancestors, however, did not know the
consequences of their actions and aimed at proximate
advantages, not having a perception of the ultimate disad-
vantages. Today, we do know what will happen. Maybe
our models are not so accurate as to predict with preci-
sion when the collapse will take place, but we can be
pretty sure that it will take place.

Compartmentalized Marine Ecology
For many years ecology was a no-man’s land. The general

principles were drawn from observations on natural sys-
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tems, usually carried out at easily reachable places, where
manipulations are possible. The intertidal, instead of
being what it is, an ecotone, became the paradigm of all
environments, and the ‘rules’ inferred there became gen-
eralized. This naturalistic approach had little connection
with the branches of marine studies that had some link
with human activities. These worked in almost total isola-
tion from the ‘naturalistic’ branch. Fisheries studies, on
the one hand, considered only human-impacted systems,
almost divorcing them from the rest of nature, where-
as the rest of marine studies considered non-impacted
systems only, as if man did not exist. The two fields grew
separately, with different scientists publishing in different
journals and speaking different languages. Then, studies
on pollution became popular, especially after the occur-
rence of Minamata disease, and heavy metals took their
toll in marine science, together with oil and sewage pollu-
tion. When humans started to realize their own impact
on marine habitats, they started to protect some areas
and the era of marine conservation began, with flourish-
ing studies on Marine Protected Areas. The link of with-
out-humans ecology with with-humans ecology is
probably one of the greatest revolutions of the environ-
mental sciences. Compartmentalizations began to be bro-
ken down.

Fisheries and Aquaculture

Aquaculture is commonly perceived as a way to save nat-
ural fish populations from the overexploitation of fisher-
ies (Anonymous 2003). Looking back on human history,
we can see that the passage from hunting and gathering
to agriculture did not save terrestrial natural populations
but, instead, further impacted on them. Natural environ-
ments and populations were drastically modified as sites
for agriculture. In the sea, this process is even more acute.
On land, in fact, the only animals we rear for feeding
purposes are herbivores, whereas in the sea, we mainly
rear carnivores, the tigers of Naylor & Burke (2005).
What do we feed them with? There are three possible
answers: (i) pellets made of smaller fish, coming from
natural populations, (ii) pellets of plant food such as soy-
bean, as a substitute for animal proteins, (iii) pellets
made with the remnants of terrestrial animals that we use
for food. In the first case, the use of fish food to sustain
farmed fish represents an unwise way of solving the prob-
lem of the overexploitation of marine resources, as the
conversion coefficient of this food is low and the impact
on nature great (Brunner et al. 2009). After having
depleted the populations of large fish, we are fishing
down the food web to feed captive specimens of those
same depleted species. To transfom carnivores into herbi-
vores, furthermore, is a forcing of nature that may have
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unpredictable effects, as happened on land when we tried
to transform herbivores into carnivores (and cannibals).
Similar outcomes might result also from the third option.
It is very probable that the farming of large carnivores
will not solve the problem of food demand due to our
numerical increase, as this practice is evidently unsustain-
able from an environmental point of view, not to speak
of the impact of fish farming on the natural environment
(Pusceddu et al. 2007) and the vulnerability of farmed
fish to both disease and predators such as jellyfish (Boero
et al. 2008a).

From a Fish to a Jellyfish Ocean

The ecosystem approach can teach us that the standing
biomass of a given ecosystem is more or less stable, but
that its repartition among the species that make up that
ecosystem changes constantly. If we remove biomass from
an ecosystem, the absence of a sink (the target species,
seen as a resource simply because of its abundance) will
channel production towards other species, leading to an
overall biomass similar to the pre-impact stage. Quantity
is more or less the same, once the carrying capacity of
the system is reached, but quality can change drastically.
The constant reports of lack of large vertebrates world-
wide are counterbalanced by the continual reports of jel-
lyfish blooms worldwide. We are witnessing the shift
from a fish to a jellyfish ocean! We catch the large fish?
The biomass that was once channelled towards them can
move in another direction, for instance jellyfish. If jelly-
fish prevail, they are a further blow to fish populations, as
they prey upon the prey of fish larvae (crustacean plank-
ton) and on the larvae themselves, acting as both compet-
itors and predators of fish (Boero et al. 2008a).

A Ctenophore Lesson

When the alien ctenophore Mnemiopsis leyidi reached the
Black Sea, the impact of the new arrival on fish popula-
tions was more severe than that of industrial fisheries
(CIESM 2002b). The collapse of Black Sea fisheries, in
fact, did not result from a long history of human pres-
sures, but from the sudden presence of an alien cteno-
phore! The blooms of gelatinous plankton are an essential
variable to assess the causes leading to the viability of fish
populations. A similar scenario might occur for cod at
Georges Bank, where the enormous numbers of floating
colonies of the hydroid Clytia gracilis are probably
impairing the recruitment of the fish, by feeding on cod
larvae and on their crustacean food (Bollens et al. 2001).
Jellyfish blooms are not considered in fisheries models!
Larval mortality is taken into consideration as a more or
less constant toll that the populations have to pay, but it
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is becoming obvious that this toll can change from year
to year, and if jellyfish are present in great numbers, they
cause catastrophic larval mortality! Jellyfish, furthermore,
can also cause adult fish mortality. A recent bloom of Pel-
agia noctiluca drove the farmed salmon of Ireland to
extinction, showing that cage aquaculture is extremely
vulnerable to jellyfish blooms. Before this episode, it was
thought that larger fish escaped from jellyfish predation:
small fish are vulnerable but, as they grow, their size
makes them invulnerable to jellyfish weapons. Evidently
this is not the case. Fish escape jellyfish when they shift
from planktonic larvae and juveniles to nektonic adults
simply because they are faster swimmers, they escape by...
escaping. If kept in a cage, they cannot escape from jelly-
fish and are killed by them. In nature, a jellyfish bloom
affects fish populations by impairing their recruitment;
with cage mariculture, jellyfish blooms impact on the
adults (whereas eggs and larvae are safe in artificial hatch-
eries and nurseries).

Gelatinous plankters, thus, are not freaks in marine
biology and ecology. Their irregular, sudden, and massive
presence is the shuffling of the cards of the ecological
play, probably preventing the prevalence of a few, extre-
mely successful, nektonic species by reducing their popu-
lation via predation on their larvae and on their food
(Boero et al. 2008a).

Story-telling versus Experimental Approaches and
Mathematical Modelling

There was a demise of natural history at the dawn of
modern ecology, because of its story-telling approach,
lacking precision and aimed more at the description of
patterns and processes with verbal models (the stories)
than at predictive mathematical modelling based on
experimental tests of hypotheses. This led to the reduc-
tionistic approach that divided ecology into many sub-
ecologies and transformed the discipline into an oxymo-
ron. Reductionistic ecology loses the very spirit of ecol-
ogy: the identification of the nework of intricate
interactions leading to the emerging properties of com-
plex systems.

Story-telling and descriptive approaches have been and
still are ridiculed by experimentally and mathematically
oriented scientists (Gardner et al. 2007). This led to the rel-
egation of descriptive ecology to local journals with no
impact factor, and into peripheral institutions, with low
funding availability and low attractivity for bright new stu-
dents. Paradoxically, knowing animals and plants was less
mandatory for the young generations of ecologists than
knowing complex mathematics and statistics. ‘“Theoretical’
approaches were invariably mathematically oriented and
aimed at making predictions that were obtained by the
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identification of general rules (laws). The quest for ecologi-
cal laws was great and stemmed from the Popperian
approach to the natural sciences. Each rule (law), in fact, is
to be universal and thus applicable to all situations. If it
fails to explain a situation that should follow its command,
then the law is falsified and is to be rejected. The universal
laws of ecology and evolution do not exist, and when they
operate, they are the laws of physics and chemistry! The
‘laws’ that predict the development of a community are
three (at least) and each time one is valid, the others are fal-
sified. What is the ‘law’ that predicts the development of a
community? There are no universal laws in ecology, the
laws are existential: they predict the existence of a given set
of events, but do not postulate their universality (Boero
et al. 2004). There are no sharks in the bay is a universal
statement that can be only falsified, it cannot be verified,
falling into what is demanded by Popperian science,
whereas There are sharks in the bay is an existential state-
ment that can be only verified but cannot be falsified. Ecol-
ogy and marine biology are based on existential rules that
sometimes are valid and sometimes are not. At the same
time, mathematical modelling becomes too rigid and cum-
bersome to account for such situations, and its precision is
so low anyway that there is not much difference between it
and verbal modelling. Of course the mathematical make-up
has the allure of precision for any attempt at modelling nat-
ure, but confidence in such approaches is slowly fading, as
we recognize that ecology is a historical discipline and that
the mathematical modeling leading to predict future his-
tory is just an illusion.

Story-telling, as remarked by Gardner et al. (2007), is
essential to generate hypotheses which then are to be
tested with the most rigorous experiments. It is impor-
tant, however, to understand whether we are looking for
universal or existential statements. Asking for universal
solutions in a domain of existential problems leads
nowhere.

The ‘grand picture’ of ecology has still to be depicted,
but the various components are slowly emerging, first as
single elements. Here are some of the recently discovered
ones.

The Microbial Loop. Or is it a Pathway?

It has been known for a very long time that the bulk of pro-
duction of the biosphere is based on the activity of the
microscopic protists we call phytoplankton. Textbook
knowledge teaches that nutrients are taken up by photo-
synthetic microbes, which in their turn feed herbivorous
plankton (mainly crustaceans). These then fuel a food web
leading to the largest fish and mammals. The flow of energy
thus should go from microbes to metazoa. Very few people
considered that the heterotrophic microbes, besides

Marine Ecology 30 (Suppl. 1) (2009) 1-12 © 2009 Blackwell Verlag GmbH



Boero

decomposing bacteria, play an essential role in the turnover
of organic matter. Heterotrophic protists such as ciliates
and flagellates feed upon bacteria and phytoplankton and
represent a powerful sink of marine production. The appre-
ciation of this component led to considering the microbial
world as a loop (Azam et al. 1983) in which organic matter
flows indefinitely, independent of contact with larger
organisms. This microscopic world was, indeed, self suffi-
cient (and thus a loop) for billions of years, before multi-
cellular organisms evolved. The source of mortality of
bacteria, when no ‘higher’ organisms were present, was pre-
sumably viruses, as still happens in a massive way in the
deep sea (Danovaro et al. 2008). Since the Cambrian explo-
sion, however, metazoa dominate the seas. Certainly, they
depend on microbes for both primary production and
decomposition but in doing so, they broke the microbial
loop, transforming it into a pathway. As higher metazoans,
it is obvious that, while giving proper importance to the
basic role of microbial worlds, we are more interested in
the parts of the biosphere that are more directly connected
with us, taking for granted that the basal part will work, as
it did for some billion years! After a period of oblivion, the
microbial world has been given the importance it merits.

The study of marine viruses focused on even smaller
worlds and is just opening new perspectives, leading to a
better appreciation of the structural and functional com-
plexity of marine realms (Danovaro et al. 2008).

Marine Ecology from Molecules to Space

The exploration of the microbial world required a thor-
ough change in the techniques employed. The microscope
was not enough. Molecular studies started to reveal unex-
pected worlds in microbial diversity (e.g. Delong 1992)
with strong insights also in human health. The discovery of
the association of Vibrio species with copepods (e.g. Raw-
lings et al. 2007) and other chitin-wrapped organisms (Sta-
bili et al. 2008), both in the plankton and in the benthos, is
suggesting new scenarios for human epidemics. Molecular
studies have enhanced taxonomy (see below) and especially
biogeography to even a greater extent. The study of both
historical ecology and phylogeography is allowing further
insights for understanding present-day situations of marine
biodiversity (Wares & Cunningham 2001). The use of elec-
tronic tracking by satellite, coupled with molecular analy-
ses, is providing precious information on the patterns and
processes that lead to the distribution of organisms such as
the blue fin tuna (Boustany et al. 2008).

Alien Species
Human activities, from shipping to aquaculture, to the

opening of new connections among basins, are widening
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the distribution of species, allowing the crossing of previ-
ously unsurmountable geographic barriers. The problem
of alien, or, better, Non-Indigenous-Species (NIS), and
their transport is a key issue in understanding the pat-
terns and processes involved in marine biodiversity
(CIESM 2002b). Molecular techniques are crucial to
reconstruct the patterns of introduction of NIS, their sites
of origin, and the viability of their newly founded popula-
tions (e.g. Mclvor et al. 2001).

What about Pathogens and Parasites?

Parasites, along with pathogens, are extremely important
in controlling the populations of the various species, and
their study is still at its dawn in all branches of ecology,
not only marine ecology (Mattiucci & Nascetti 2008).
Pathogens and parasites are among the future frontiers of
marine ecology. They might be the equal of predators
(after all, parasites are micropredators) in controlling nat-
ural populations but this aspect of marine ecology is still
far from being incorporated into ecological theory (and
practice) (see Rhode 2005, for a comprehensive treatise
on marine parasitology).

Life Cycles and Life Histories

The succession of stages that an organism undergoes
throughout its existence makes up its life cycle. The quan-
tities of these stages (from gametes, to zygotes, larval
stages, juveniles, reproductive adults) make up its life his-
tory. Most of the life cycles of known marine organisms
are unknown, and we know even less about their life his-
tories (Giangrande et al. 1994). Every stage of life history
has its own ecological niche, and the sum of the ecologi-
cal niches of all stages makes up the ecological niche of
the species. These aspects are studied by population
dynamics and are very advanced in fisheries studies, even
though egg and larval mortalities of fish are a black hole
in the knowledge of their population dynamics. We still
have to describe a great quantity of unknown species, to
properly evaluate marine biodiversity and, for each of
them and for the already known ones, we still have to
describe the life cycle and reconstruct the life history.

Looking for Links

Life-cycle dynamics have only been incorporated into eco-
logical studies for a short time. The biology of coastal
plankters, for instance, taught us that many species spend
the adverse season as resting stages in coastal sediments,
and even on the bottom of marine canyons (Boero et al.
1996; Marcus & Boero 1998; Della Tommasa et al. 2000).
Benthic pelagic coupling started as a biogeochemistry
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issue, with nutrients flowing from the water column to
the bottom and then to the water column again. How-
ever, it is evident that this coupling also concerns life
cycles and that many so-called holoplankters are the
reverse of the commonly perceived meroplankton. Mero-
plankton, in fact, is the larval component of plankton
and, after this stage, it becomes either benthos or nekton.
But there are organisms that have a planktonic life as
adults and spend their egg, or zygote or larval life in the
benthos, as resting stages. These species can be either pro-
tists or metazoans. The boundaries between benthos and
plankton are no longer clear, and the two domains are
too connected to each other to be properly understood
by approaches that are too tightly focused. The apprecia-
tion of these links might lead to even subtler connections,
such as that hypothesized between plankton diversity and
the predation of meiobenthos on resting stage banks, giv-
ing a keystone role to the meiobenthos (Pati et al. 1999).
Other unexpected connections might be, for instance, that
mollusc overfishing prevents shell deposits on beaches,
leading to coastal erosion (see below).

Putting the Pieces Together

It is evident that fisheries, aquaculture and jellyfish biol-
ogy are important parts of ecosystems and that, sooner or
later, they must be merged so as to have a proper appre-
ciation of the complexity of marine systems (Pauly et al.
2008). This exercise is very hard, though, as complexity
hinders our comprehension and, furthermore, what has
been listed so far is just a small portion of the variables
that make up marine ecosystems. In recent years, we dis-
covered that life is expressed in many unexpected ways.
The importance of microbes, taken for granted but never
explored in detail, led to the recognition of the microbial
loop. The exploration of the deep sea led to the discovery
of hydrothermal vent communities, virtually independent
of sunlight as a source of energy. The exploration of
interstitial environments led to the discovery of new phyla
and of unexpected connections among marine domains
that had previously been regarded as very separate. If the
meiobenthos can feed on the resting stages of plankters,
then the meiofauna can be a keystone guild controlling
the diversity of plankton! A still almost completely
neglected aspect of marine biology is the ecological
importance of marine parasites. They are studied by par-
asitologists, but their ecological role is rarely taken into
account when dealing with the dynamics of marine popu-
lations, contributing to ecosystem functioning. Behaviour-
al ecology, furthermore, is well developed on land but is
still at its dawn in the marine world, with the exception
of a very few obvious species such as cetaceans. For the
overwhelming majority of species whose existence we are
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aware of, we know neither the life cycle nor the ecological
role. It is obvious that our level of ignorance is still very
great.

These aspects, and many others, do not stem from a
theoretical approach that is aimed at depicting a grand
scenario that is then to be explored in detail, component
by component. The approach is purely inductive. It is
discovered that hydrothermal vents exist, and then they
are explored. It is realized that microbes are important
and then they are studied. The general synthesis occurs
later, from an almost random assemblage of disconnected
pieces.

Goods and Services

A common, human perception of nature is that every-
thing is there for us to take advantage of. Biodiversity is
there to provide us with the ‘goods and services’ so essen-
tial for our well-being. This is still the notion that is usu-
ally put forward to convince people that biodiversity is
important (Hooper et al. 2005). The vision is anthropo-
centric, and does not consider the ‘right’ of nature to
continue to thrive. As we are part of nature, our impact
is natural. We are like the first organisms that started to
produce oxygen as a by-product of their metabolism.
They made the world less hospitable for the anaerobic
biota. Nature knows no compassion. Maybe we could
shift from the merely utilitaristic approach to biodiversity
to a deeper vision, paradoxically sometimes expressed
more by religion than by science. As people tend to listen
more to religious authorities than to scientists (Wilson
2006), we are running the risk of being surpassed by
some religious community in explaining why biodiversity
is to be protected.

Habitats

If biodiversity is usually perceived as ‘species’ by the lay
people, it is commonplace within the scientific commu-
nity that the other two levels (the genetic and the habitat-
ecosystem) are equally important (Gray 1997). A very
long time will be required to answer May’s (1988) ques-
tion: How many species are there on Earth? But it may
be easier to answer the question: How many habitats are
there on Earth (Fraschetti et al. 2008)? Once the list is
made, we will have to answer the question: Where do
they occur? Another great innovation is the introduction
of GIS in ecology and biogeography. We can now locate
single individuals and follow them in their migrations
(Block et al. 2001). And we can reconstruct maps of habi-
tat distribution in extreme detail, and monitor the
boundaries of these habitats to see whether they are sta-
ble, or are growing or regressing. The exploration of the
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environment is crucial and there is, also at this stage, a
passage from an imprecise and descriptive account of
habitat distribution to a precise and experimental way to
draw information from the environment so to have
repeatable observations.

These approaches are relatively easy for benthic com-
munities, but plankton and nekton also have their habi-
tats in the water column, albeit less definite than benthic
ones, within their boundaries. The definition of the
boundaries of pelagic habitats is obviously based on cur-
rent regimes, but these can change, too, and many strange
patterns of water movement are constantly being discov-
ered, such as the places where deep-water formation
occurs at the surface of the sea (e.g. the Northern Adriatic
and the Gulf of Lions for the deep Mediterranean waters)
(Boero et al. 2008b).

History

Ecology and biology are characterized by never-ending
change. All living things are born and eventually die, con-
tinents move, new seas are formed and old ones die. His-
tory is never the same, even though some patterns may
recur. The long-term history of life is evolution, leading,
for instance, to the origin of new species. Ecology must
cope with a short-term history that, however, is affecting
the structure and function of communities by local
extinctions and immigrations, by climatic changes and, of
course, by our impact. History is ruled by two opposite
drivers: constraints and contingencies (Boero & Bonsdorff
2007). Our understanding of how the environment works
is based, first of all, on the appreciation of constraints; as
these set the ‘rules’ that allow for the perpetuation of life,
they may be the ‘general laws’ sought by Popperian logic.
Contingencies, however, are the expression of the quintes-
sence of history: the beat of the wings of a butterfly that
(sometimes) can lead to a hurricane. Chaos theory dem-
onstrates that deterministic systems are ruled by con-
straints (attractors, in the terminology of the theory) but
that the system has a great freedom to change within the
limits of these constraints, and this change is often caused
by contingencies (the existential side of the way life is
regulated).

We are attracted by regularities, by norms and laws.
We have thus dedicated great efforts to single out the
constraints that rule the world. Now it is time to
perceive that rules are broken all the time, and that,
sometimes, irregularities rule the world. The best
example is the already mentioned shuffling of the
cards by massive blooms of gelatinous organisms (Boero
et al. 2008a), but more and more evidence in this direc-
tion is accumulating (Beninca et al. 2008; Doak et al.
2008).
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Bureaucracy

The way science proceeds is linked to fund availability.
Projects are commonly short term, and are focused on
specific topics leading to testable results that, usually,
should be ‘novel’ and ‘exciting’. Fashionable research top-
ics, usually sustained by scientific lobbies, receive much
funding, whereas other topics, not sustained by powerful
lobbies, tend to disappear or, worst, are ‘invaded’ by
other lobbies. The worst case is that of taxonomy. Molec-
ular and computerized taxonomy is taking almost all the
funding, leaving traditional taxonomy in almost complete
poverty (Ebach & Holdrege 2005). It is often the case that
the format of research projects is very complicated and
the requirements to be fulfilled are so cumbersome that
many scientists simply give up applying. Furthermore,
results are seldom validated and controls focus on finan-
cial aspects only, often with costly financial audits. The
outcome of all this is that the successful scientists are the
ones good at managing large projects. Devoting most of
their time to this, they obviously dedicate less time to
research. As scientific validation is a useless optional, at
least in some projects, funding policies often hamper sci-
entific progress. Apparently, this behavioural pattern is
not pursued in the USA, at least by the National Science
Foundation. No wonder the scientific community of the
USA is much more productive than the European one!
We spend most of our time dealing with bureaucracy:
they spend it on science. Our results are often validated
by satisfying bureaucratic requirements, whereas theirs are
validated by scientific excellence. This explains why the
brain drain affecting many European countries is going
towards the USA more than anywhere else (Boero 2001).

Publications

The impact factor frenzy has affected research trends for
several decades, determining career and funding opportu-
nities. Some areas of biological research have profited
from this situation, others have been damaged by it. The
need for scientific scoops in high impact journals is not
supportive of long-term research: projects are usually
short and are renewed on the basis of the scientific pro-
duction in the ‘best’ tribunes (i.e. journals with high
impact factor). Career and funding opportunities are
based on the number of articles and the sum of their
impact factors. A nicely conducted ecological experiment,
based on an impeccable design and data treatment is usu-
ally publishable in good journals, and can be carried out
in a relatively short time. A long series of observations,
on the other hand, besides requiring more time, is usually
labelled as ‘descriptive’ and has low viability in high
impact journals. Paradoxically, however, these data
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become invaluable to assess trends of change and refer-
ence conditions. Data-mining is becoming a fashionable
activity in research projects, as the data readily available
in bibliographic repertories, covering a limited set of
journals, are often useless to make an assessment of the
history of biota. In this period of global change, the pos-
sibility of retrieving data over long time spans is impor-
tant to make assessments about the state of the
environment. If all scientists had followed the predomi-
nant trends, we would know much less about the state of
the environment. The lack of importance given to
‘descriptive’ studies is leading to a decreasing quality con-
trol (in the form of peer review) of their outcomes. Meta-
nalyses, based on the so-called grey literature or on
unpublished data, or on data published on journals that
do not perform a severe control of what they publish,
might be conducted with the most beautiful algorithms
and rationales, but the old saying of statisticians — ‘gar-
bage in, garbage out’ — cannot be circumvented by statis-
tical formulations. Very few journals, if any, perform a
strict control of the accuracy of the list of species that
describes the biodiversity within ecological papers. Many
journals do not even provide the list, whereas they pub-
lish impeccable treatments of data that might not be as
reliable as the reputation of the journal might warrant.

Trendy Biodiversity Studies

The era of biodiversity started with the Rio de Janeiro
Convention on Biological Diversity in 1992. Since then,
the presence of the word ‘biodiversity’ in any project has
been a warranty of success. Some calls were aimed at using
biodiversity as a tool to understand the environment, other
calls at promoting biodiversity research in a direct way, as
it is obvious that biodiversity exploration is not complete
and, anyway, the distribution of biodiversity changes all
the time. In the same period, however, the science of bio-
diversity identification and description (i.e. taxonomy)
started to enter into a deep crisis. There has been a great
development of molecular taxonomy, with the birth of
new journals dedicated just to it, but traditional taxonomy,
based on morphology and developmental biology, started
to be perceived as obsolete, partly because most of the
journals dedicated to it (e.g. Museum journals) did not
have any impact factor and, thus, publishing in them was
not of great help in scientific careers and in applications
for research funds. Most of the money dedicated to biodi-
versity went to molecular taxonomy and to the building of
computer-based inventories (e.g. Arvanitidis et al. 2006),
assuming that morphological approaches produced all
possible fruits. Taxonomy became (and still is) synony-
mous with identification. Taxonomic sufficiency, further-
more, implies that the study of higher taxa is sufficient to
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appreciate biodiversity. This position is somehow ambigu-
ous. Taxonomic sufficiency might be sufficient to detect
impacts, but it does not by definition reflect biodiversity at
species level and thus cannot be sufficient to appreciate the
core of biodiversity — species (Terlizzi et al. 2009). Ecology
and taxonomy should go together, as both can profit much
from each other (e.g. Neto 1992).

Safe Topics

An ideal trend of research projects should be to propose
something that has been already accomplished (at least in
part), so to be sure to have results and fulfil the require-
ments of the project, and then invest the freshly available
money into some innovative field, with no risks if the
results do not fulfil our expectations. The risk of failure in
a daring scientific project (such as the study of immortality
in a jellyfish species able to perform ontogeny reversal, or
the impact of meiofauna predation as a regulator of plank-
ton diversity) is obviously great. If the results are positive,
the scientific impact is great, but if the results are negative,
then there is not much justification for the sustained eco-
nomic effort. Of course, if the results are irrelevant in the
evaluation of projects, and bureaucratic requirements are
sufficiently met, the risk of its failure being ‘discovered’ is
low. However, a study that does not produce any good
results, leads to a lower publication score for the
researcher, so diminishing his or her status in the scientific
community. It is better to stick to well established proce-
dures and tackle ‘safe’ topics. No wonder the investigations
on the populations of limpets in the intertidal are extre-
mely popular and successful (680 articles in the ISI Web of
Science from 1986 to 2008, h-index 38), whereas studies
on thaliacea are much less popular (79 papers, h-index 15).

The overall importance of limpet grazing on algal mats
is almost irrelevant to ecosystem functioning, whereas the
roles of thaliacea might be paramount in determining
planktonic primary production. However, the risk of fail-
ure of thaliacean studies is great, due to their erratic pres-
ence, so it is much safer to stick to limpets, possibly
shifting to barnacles (1990 papers, h-index 64), for a
change.

From Knowledge to Management and
Conservation

It is evident, from all the above, that we still know little
of what should be known to properly evaluate marine
biodiversity and its bearing on ecosystem functioning.
The exploration phase has still to be accomplished (Bou-
chet et al. 2002), and the elucidation of mechanisms is
even more in its infancy. Knowledge of the patterns and
processes governing ecosystem functionig is a prerequisite

Marine Ecology 30 (Suppl. 1) (2009) 1-12 © 2009 Blackwell Verlag GmbH



Boero

for management. Of course, we cannot wait to describe
all species and to elucidate the relationships of each of
them with the rest of the biosphere to start actions aimed
at mitigating our evident impact on the natural world.
There are some actions that can be taken even with very
little knowledge (for instance, discharging nuclear waste
in the environment is bad, and we do not need to under-
stand perfectly all the facets of it to decide on its ban).
On the other hand, there are very subtle ecological pro-
cesses (such as the impact of thaliacean grazing on phyto-
planktonic primary production, or jellyfish impact on fish
populations, see Boero et al. 2008a) that might lead to
undesirable situations; whereas with proper knowledge,
we might avoid non-obvious environmental catastrophes.

Shellfish Overfishing and Coastal Erosion

Productive seas, such as the Adriatic Sea before the 1980s,
sustain enormous populations of bivalve molluscs that are
used as a food source by humans. At the end of the sum-
mer, the populations of many of these species go through
catastrophic mortality and the dead shells are stranded on
beaches, forming large masses of calcium carbonate. Wave
action, instead of affecting the sand of beaches and caus-
ing erosion, impacts on the stranded shells, breaking
them down and leading to the formation of biogenic sand
grains. In other words, stranded mollusc shells are a natu-
ral beach replenishment, year after year.

Studies on the contribution of this process to sediment
balances on beaches are rare (Lopez et al. 2008). How-
ever, it is suggestive that the populations of these mol-
luscs are more and more depleted by overfishing, and
shell stranding does not occur anymore, for example,
along the Adriatic Sea. The whole Italian coast of the
Adriatic, from the Gargano peninsula to the Gulf of Ven-
ice, is affected by severe beach erosion and, in the last
two decades, it has been ‘protected’ by an almost contin-
uous line of coastal defences: the great wall of the Adriat-
ic. The causes of beach erosion are manifold, such as the
irrational urban development along sandy shores and the
barrage of rivers with dams, so preventing sediment input
through riverine outflows (CIESM 2002a); railway tracks
on the shore, furthermore, led to the perception that any
change in coastline is a catastrophe. The overfishing of
bivalves, in this complex scenario, ruled by multiple cau-
sality, might have been the last straw that broke the
camel’s back. And maybe it was not a straw!

The Wheel Re-invented: Biodiversity and
Ecosystem Functioning

Some decades ago, ecology was divided into two main
branches: autoecology and synecology. Autoecology was
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the ecology of species and essentially concerned their
biology. According to the organisms studied, autoecolo-
gists were either zoologists or botanists. A prerequisite for
studying autoecology, in fact, was knowledge of the exis-
tence of species and, thus, the exploration of biodiversity.
Synecology stemmed from the widely shared concept of
the emerging properties of ecology, the whole being more
than the sum of the parts. This means that synecology is
not simply the sum of the autoecologies of each species.
The ecology of species (biodiversity) contributes to the
ecology of species assemblages within their physical envi-
ronment (ecosystem functioning) in a complex way, and
it is vain to pretend that knowledge of a species by spe-
cies ecology might lead to understanding the functioning
of the ecosystems. However, the perception of the value
of species diversity calls for some justification. Biodiver-
sity is important because it makes ecosystems function,
but how? Do we know enough about species roles (the
old autoecology) (Piraino et al. 2002)? Especially in the
sea, we barely know the list of species living at a certain
place, not to mention their roles. Lists and roles are better
known for species-poor seas, such as the Baltic or the
North Sea, whereas they are barely known in species-rich
seas such as the Mediterranean Sea. This is why synecol-
ogy is more advanced in Northern Europe than in South-
ern Europe: the systems are simpler.

The old paradigms are still valid. The first step is the
exploration of biodiversity (how many species are there on
Earth?). Then there is their autoecology (what are their life
cycles, what are their ecological niches?) and synecology
(how do ecosystems work?). In spite of having re-discov-
ered auto- and synecology, the introduction of BEF (Biodi-
versity and Ecosystem Functioning) has the merit of
having merged the two approaches, calling for a timely
conceptual unification (Boero et al. 2004; Boero & Bons-
dorft 2007). Ecology is the science of interactions, com-
partments are to be broken, reductionism to lead to
multiscalar approaches, both in time and space. Ecology is
the study of the processes leading to the patterns of distri-
bution and abundance of organisms. Biogeography, faunis-
tics, floristics, macroecology, synecology, biology,
autoecology, fisheries science, anthropology, economics
and many other branches of the study of nature require a
synthetic approach that does not see reductionism as the
opposite of holism. All approaches are necessary and none
is sufficient. Maybe, with a slightly modified meaning, the
old term ‘natural history’ is the best one to depict the nec-
essary unification of the life sciences.

Conclusion

The search for general rules and ‘laws’ governing environ-
mental systems, with the aim of predicting their future
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behaviour, is crashing up against the wall of the intrinsic
impredictability of complex systems. We must describe
properly and try to understand, singling out the relevant
variables and their interactions. This will lead to the pro-
posal of very weak predictions, or scenarios, that will not
pretend to predict future history but that will depict the
possible shape of the main attractors of chaotic environ-
mental systems. Regularities are extremely important, and
we have dedicated most of our efforts to identifying them.
Now it is the turn of irregularities. The drivers of change
may be extremely subtle: e.g. the absence of stranded mol-
luscs, leading to coastal erosion, or the predation of small
jellyfish, leading to the impairment of fish recruitment, or
the dredging of harbour sediments, leading to red tides by
waking up dinoflagellate cysts buried in the sediments, or
the grazing of a salp bloom. All these possible drivers have
not been investigated as much as they deserve. It is time to
make daring hypotheses on functional links, and it is time
to start exploring again, passing from the computer and the
laboratory into the field. We abandoned long-term series,
and we must revive them: (natural) history can only be
understood through archives (containing raw data);
libraries (containing the elaboration of data) are not
enough (after the available data have been elaborated).
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