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Warming of the World
Ocean

Introduction:

The world ocean has warmed.
Global sea surface temperatures for the
last 100 years show two distinct
warming periods: one from 1920 to
1940 followed by a period of cooling,
and a second period of warming from
1970 to the present. On average,
temperatures of both surface and deep
ocean water have increased during the
last thirty years by 0.3 degrees Celsius.
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The ocean drives the Earth's
climate system. The movement of
warm water from the tropics towards

weather patterns we are familiar with.
An understanding of how the ocean

to understand, model, and predict ho
the Earth climate system will behave.
Newly available information
reported inSciencanagazine indicates
the world ocean system has warmed
substantially in the last fifty yedrs
How much of the observed heat
increase is due to natural variability
and how much due to our pumping
greenhouse gases into the atmosphe
is not known. The observed warming
of the ocean is consistent with the ide
that the warming of the entire Earth
climate system, including the ocean,
the atmosphere, and the cryosphere
due not to natural variability but more
likely caused by fossil fuel-generated
greenhouse gases entering the atmo
sphere. We spoke with Sydney Levitu

the poles causes the ocean currents and

Michael Huston

\¢

stores and transports heat is necesseer

v about his work in documenting the
increase in the oceans' temperature.

ER: Mr. Levitus, what is your scien-
tific background?

SL: | became interested in the study ¢
the ocean when | took a course in eaf
science as a freshman in high school
FeWithin about a year of taking the
course | decided that I'd like to try a
acareer in oceanography. | wasn’t
completely sure what oceanography
was about but | investigated various
s universities and read up about it and
decided to major in it as an under-
graduate. So | went to the New York
University School of Engineering and
sScience and majored in oceanograph
and meteorology as an undergraduat
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Then | went to graduate school,
also at New York University and |
received a Masters degree in physical
oceanography there. | started my
graduate studies working with a
numerical ocean modeler, and al-
though I learned a great deal in the two
years that | was in graduate school, |
decided that rather than numerical
modeling | wanted to work with data. |
had taken courses on the general
circulation of the ocean and atmo-
sphere and read books about the
Earth’s atmospheric climate, and felt
wanted to do something similar for th
oceans.

D

| was surprised to find out how

little work had been done in mapping
the oceans, and when | left graduate
school | went to work for NOAA and
fortunately got a position at the NOAA
Geographical Fluid Dynamics Laborg-
tory in Princeton, New Jersey. They
pioneered the whole field of general
circulation modeling of the atmosphefe
and ocean. | was in the observationa
studies group and began working wit

f oceanographic data there, and I've

thoeen doing it for the last twenty-five
years.

-

| took the oceanographic data ar{d
developed a climatological atlas, a
digital atlas, and published that in
1982, and that atlas has had a lot of
utility in the field of oceanography angd
climate research. It has been used in
different ways, such as to verify
computer simulations of the ocean and
yclimate; and to provide initial condi-
e tions and boundary conditions for
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ocean circulation models and atmo- | ocean, the cryosphere and the bio-

spheric models. sphere. TheErnvironmental

ER: What is a digital atlas? ER: What is the cryosphere? . SPUbII by
EnvironmentalReview

SL: Well, most atlases until then had | SL: The cryosphere is seaice and land  Educational Services,a

been hand drawn, but | used math- | ice. tax

ematical techniques to display the data ~ So anyway, the Earth’s climate notforproﬁt, exempt

on a one-degree latitude/longitude gridsystem can’t be looked at as just the 501(C)(3)COI'pOf&UOﬂ

at various standard depth levels in thg atmospheric climate, in includes thesp registeredintheStateof

ocean. The atlas was distributed both| other components, it is the Earth V\bshington

as a set of maps but also on magnetiq system. For many years scientists had
tape. It was distributed all around the | speculated that the ocean is the
worldm with no restrictions. Appar- | memory of the Earth’s climate systen Giftsanddonationsto
ently the atlas served a need in the because of its large mass and high helpsupportlhe
ocean and climate research commun|- specific heat. This is why it's importan . .
ties because it's been cited quite to have historical data on the variabil- EnvironmentalReview
heavily over the last eighteen years. | ity of the ocean as we try to describe aretaxdeductable.

| spent the first fifteen years of my| changes in its temperature-salinity
career developing these climatologie$ structure, and try to understand the
and ocean databases, and doing qualitphysics involved.
control of the data. Thenin 1989 |
published a series of papers that ER: Why is salinity important?
described the variability of the North
Atlantic ocean and | documented that| SL: Salinity is important becauseniot
there were changes in temperature andnly partly determines the density of
salinity on gyre and basin scales in th¢ sea water but it is related to the Earth(s
North Atlantic. Those papers have hydrological cycle. If there is in-
been cited a large number times. But | creased rain in a certain area, then
we had run out of data; there wasn’t | salinity will go down. If you get
much more data than | had to work increased evaporation, salinity will
with at the time for doing these studie$.increase; if you increase salinity at the
surface, the water may become densg the polar regions more heat is radiated

—
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ER: What sort of information would | enough to sink. back out to space than is absorbed. So

go into the atlas? in order for the Earth’s climate systen
ER: What is the connection between| not to develop huge gradients in

SL: What we are particularly inter- | the ocean and the climate? temperature between the tropics and

ested in is knowing the variability of poles, there has to be a transport of heat

temperature and salinity in the world | SL: To understand the Earth’s climat¢ from the tropics to the poles. This is
ocean. These two variables determing system, we have to understand the | one of the main things we're trying to
the density of sea water, and changeg iacean. The ocean and the atmosphefeunderstand: how does the Earth’s
them can reflect changes in the circulptransport heat from the tropics to the | climate system maintain the stability ¢

—

tion of the ocean. poles. In the tropics of the Earth’s the equator to pole temperature
The Earth’s climate system is climate system more heat is absorbegl gradient?r if the gradient is chang-
composed of the atmosphere, the than is given back off to space, and in
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ing, how does it change and what are
the mechanisms?

ER: What is an example of such a
mechanism?

SL: One of the things that can happer
is that if you cool an area of the ocear]
and the water sinks, it can after sinkin
be transported pretty large distances
and can remain away from the sea
surface and away from contact with th
atmosphere for years or decades or
centuries or millennia. For many year
it has been thought possible that the
ocean could basically sequester heat
keep it away from the atmosphere, ar
you might see a cooling of the atmo-
sphere after that happens.

This brings us into our present
work. Over the last seven years I've le
an international project called the
Global Oceanographic Data Archeol-
ogy and Research Project. It's a Unitsg
Nations sponsored project of the
Intergovernmental Oceanographic
Commission.

published inSciencedocuments the
fact that there is substantial decadal
variability in the heat content of the
world ocean, and that over the last
thirty-five years the ocean has under
gone a considerable warming. Even

pture increase — which was about ong
tenth degree Fahrenheit averaged o\
the upper 10,000 feet of the ocean —
emay seem like a small number, in fac
it represents a huge increase in the h
5 content of the world ocean.

For the last ten years critics of the
dresults from models that simulate the
effect of increasing carbon dioxide in
the Earth’s atmospheric climate were
saying that we’re not seeing in nature
dhs large a temperature increase in th
atmosphere as the numerical simula-
tions predicted. The response of the
dclimate modelers was that they beliey
that a lot of the heat was going into th
ocean, but at that time their models

SL: Our most recent study, which wa$

though the magnitude of the temperat

ER: Do we know what the natural
variability is?

p

SL: This is the first time we've
computed this quantity for the upper
3,000 meters of the world ocean. The
guestion is, critics will say, Do you
have enough data? and | believe we
- We first published our results a few
eears ago but didn’t publicize them.
We had a million fewer temperature
profiles, when we first published thes
eabsults as part of a NOAA atlas. We'V
added an additional million profiles,
and we still see these same general
features. We continue to add data,
particularly data to areas such as the
Southern Hemisphere, which are
relatively data sparse.

D

We’'re also working with compute
modelers to see what the rate of
increase in heat content is from their
€simulations, and we will be publishing
£ a paper shortly describing the results
their computations, plus changes in

atmospheric heat

Scientists werg
aware that there
was a great deal of

To understand the Earth's climate system we have to

understand the ocean.

content during the past
fifty years. So this is the
beginning of, I think, a

historical oceano-
graphic data that had been collected
but had been handwritten and had
never been digitized. The goal of the
project was to locate as much of thesg
historical data as possible and to

we’ve located and digitized about 2
million temperature profiles and many
other types of profiles — salinity,
oxygen, chlorophyll and other vari-
ables — and we’ve put these into an
integrated database that we've distrib
uted on CD ROM and that we also
make available online.

ER: What did you learn from that
project?

didn’t have an ocean and so the
atmosphere showed this larger warm
ing than was observed. Our results

e show that the ocean has warmed; thg
magnitude of the warming is consiste,

digitize them. Over the last seven yearswith the increase in heat that was

predicted through these early climate
simulations with increasing green-
house gases.

While this isn't definitive proof

- that increasing greenhouse gas has
affected climate, it's another strong
piece of evidence that this is what is
occurring. But we also see strong
decadal variability of heat content in
the ocean, and this has us puzzled. It
a completely surprising result.

decade where we're
going to be looking at the climate
- system in a somewhat different way;

of the system and how that changes
twith increasing greenhouse gases.

So, yes, there will be criticism, bu
that's part of science. The fact is that,
you look at all the evidence, | think
there’s a strong case being made:
there’s no question now that the
atmosphere has warmed over the las
hundred years, at least surface tem-
peratures have warmed.

ER: Its pretty much accepted in the
Sscientific community that the climate

that is, looking at the total heat contemt

Ho.
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system has warmed. The issue is
whether it is due to natural variablity o
a greenhouse effect.

SL: When you look at all the results:
paleoclimatic data, proxy data, for
temperatures such as temperatures
inferred from tree rings, and those
show that over the last thousand year
there’s been no warming even compa

the last hundred years. Personally |
believe that's some of the strongest

evidence for the fact that we are seeincatmospheric heat content, for examp

an increased warming due to green-
house gases.

There are many other pieces of

evidence | could cite, but the Intergovt

ernmental Program on Climate Chang
will be putting out the definitive study
next year on the state of
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ER: You said the ocean is the memor

r of the climate. I've thought of it more
as a buffer or a flywheel, a moderatin
influence on things.

SL: The ocean provides a long-term
memory. It's a different way of saying
that the ocean is the flywheel of the

5 system. What we're seeing in our

only have thirty-five years of data, so
when we compare it with changes in

we’re seeing that the change in ocea
heat content over the last forty years
twenty times larger than what we see
for the atmospheric heat content. Th
clearly indicates that the ocean is the
emajor player in the Earth’s climate
system in terms of storing heat.

the Earth’s climate
system. Based on their
preliminary announce-
ments, it's clear that the
consensus is that the
Earth’s climate system has
warmedand part of this
warming is due to increas-
ing greenhouse gases. It's
true there is substantial
decadal variability, but all the evidenc]
points to a large human influence.

ER: What are you going to do next?

SL: We're now working with the
modelers, supplying data and produc
to scientists around the world, and we
continue to work with various institute
and countries from around the world t
build databases as well. The databas
are available internationally without
restriction, and scientists who want to
use the data have it basically without
any problems. We have a strong belig
in making all the data we work with
available.

- results is that there are these decadal
rable to the warming that’'s occurred i variations and longer term. But we
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y tropics to the poles at some latitudes
the ocean does. So we have a situati
j where both fluids are working to-
gether, and that's what we need to
understand in order to make decadal
forecasts about climate. Part of our
work has been quantifying and show-
ing that the ocean is the memory of th
Earth’s climate system. We have the
numbers to show it, and the numbers
indicate that there is a possibility of
decadal prediction. If we know that a
great deal of heat is being taken out ¢
eone part of the ocean and put into
N another part of the ocean, there is a
s possibility of forecasting climate on
decadal time scales.

This is the subject of an interna-
tional research program called
CLIVAR which stands foClimate
Variability and Predictionlt's a
program of the World Climate Re-

At

... themagnitude oftheoceanwarmingis
consistentwiththeincreaseinheatthatwas
predictedbyearty climatesimulationswith

increasinggreenhousegases.

eER: Well, how many joules are there
in the ocean and how many are there
the atmosphere? It would seem tom
the mass of the flywheel is in the
ocean.

sSL: Yes, that's what I'm saying. We

gave the numbers in our paper, but th
5 range of heat content from 1955 to
D 1995 was 20x18joules, and the
pgnterdecadal change of atmospheric
heat content is a factor of 20 smaller,
and so that means that the ocean is
playing the major role.

But nonetheless, based on other

studies we know that the atmosphere]
can transport as much heat from the

f

search Program.
CLIVAR has the goal
of trying to understand
the variability of the
Earth’s climate system
on decade to century
time scales. The
CLIVAR program has
recognized since its
inception a few years

ago that the ocean must play a large
irole in this process.

ER: What would a decadal forecast

look like?

SL: Well, it might be a forecast that
esaid over the next decade we can
expect that we'll have less rain in a
particular region than we did in the p3
ten years. For example in the Sahel v
know there’s been a decrease in
rainfall until fairly recently. I’'m not
sure whether the system is totally
recovering but if you look at rainfall
estimates from the Sahel region in
Africa, you can see that rainfall was

—h
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e
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decreasing and they had massive
droughts that produced a tremendous
amount of human suffering.
The droughts are related to chang
in sea surface temperature, which mg
be related to changes in atmospheric
circulation. So we may be able to
produce forecasts that say we’re goin
into a period when we're going to see
increased droughts in the Sahel orin

Yy
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the Midwest of the United States. It
may be that we would expect three oy

of ten years to be normal and seven ou ut,

of ten to have much less rain than
normal. It would be a very general type
of forecast.

But just as we've started making

successful predictions of El Nifio in the

last several years, we hope to be ablg

predict climate on decadal time scale$

and also to predict what will happen al
greenhouse gases keep accumulatin
in the atmosphere.

ER: What will be the consequences o

increasing greenhouse gases?Are we

any closer to a synthesis on that?

SL: This is another subject that’s goin

to continue to be heavily studied during

the next ten years: what are the sourc
and sinks of carbon in the Earth’s
climate system. The ocean can be a
considerable source or sink because
sea life such as some plankton use
carbon dioxide to create their shells,

which are made out of calcium carbon-

ate. When plankton sink, part of their
population sinks to the sea floor and
form sedimentary layers. This effec-
tively removes carbon dioxide from the
climate system for tens of thousands
years and longer. Part of the populati
are recycled in the water column by
dissolution with the calcium carbonate
being used by other plankton. So we

have to understand any changes in
cean conditions that might lead to
changes in the amount of plankton
being formed. But there are also
sources and sinks of carbon on land;
these are going to be major sources
of research during the coming ten
ears.

Py

°  The US Global Change Program

J will in part be focusing on ecosystem
response to climate change. Ten
years ago there was a lot of skepti-
cism attached to whether the Earth’s
atmosphere was even warming. Now
it's widely accepted that the surface
air temperature and sea surface
gtemperatures have warmed on
average. Regardless of what part of
Cthis warming is due to increasing
carbon dioxide and what part is due
to natural variability, we still have to
learn to manage these changes. If thi
were natural variability and we’re

still seeing large increases, it’s still
an important phenomenon to try to
understand.

="

ER: Have there been any ill effects

)fof having a warmer ocean so far?

('mSL There are indications that coral

reefs are being stressed by increasec
temperatures, although there may be

other factors involved such as minergls
being deposited in the ocean from dupt
storms off the Sahara. So with all thege
complicated issues, the ocean may be
playing a major role and we have to
understand how the whole climate

system operates, including the biology
and the chemistry.

ER: In genereal, is climate change
going to be a good thing or a bad thin

SL: Some of the effects are good. In
some areas the diurnal surface tem-
perature range has decreased and it's
made for a longer growing season. Th
is one of the predictions that's been
made that's associated with increasirg
greenhouse gases. So some areas njay
benefit.

Some areas may be hurt in terms
their suitability for growing crops.
Fisheries are affected because if the
ocean circulation changes and atmo-
spheric circulation changes, then fish
may migrate or it may become difficult
for them to sustain populations in sonpe
areas. Since there are already problgms
with overfishing, if the fisheries are
subject to climate change stress as
well, we may not see a recovery of
some of the fisheries, such as the cod
fishery of Newfoundland.

S
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Climate has a direct impact on
production of food and how we lead
our lives. A large percent of the U.S.
population lives in coastal regions, an
those regions can stressed by
increasing pollution. What if a region
were to become more stagnant becalt
of the change in atmosphere or ocear
circulation?

If some of these areas warmed, a
we know has happened off the coasts
of South America, Bangladesh, and
India, then you can expect an increas
in the outbreaks of cholera since
cholera is now known to live in certair
zooplanktonlf temperatures are warnj
enough, there can be a zooplankton
bloom and an increase in the bacterig
that cause cholera. If a region has
adequate water treatment facilities,
then we can perhaps not worry about
cholera, but if we don't

Environmental Review

SL: Yes. Although there’s been a net
warming and it's consistent from wha
we expect from an increase in green-
dhouse gases, we've never implied thg
the ocean is warming by the same
amount in each place. In fact, in the
ssub-Arctic of the North Atlantic —
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climate change together, and especia
through the IPCC to produce a report
that summarizes the changes that are

1t occurring and what could occur in the
future.

ER: The IPCC is an intellectual

between 45 North and 65 North — thatjuggernaut. The people who are in

region has been cooling. The upper
ocean has cooled since the late 1940
5 and the deep ocean, particularly in th
Labrador Sea, began cooling in 1971
That means that that region of the
eocean has been giving heat off to the
atmosphere.

So we have an interesting situa-
tion: even though the North Atlantic
has warmed on average during the p
45 years, parts of it have been coolin
down while the rest has been warmin
in such a way as to make the net

have adequate treatment

denial about climate are faced with th
5,overwhelming scientific consensus.

a)

SL: Yes. | think now they acknowl-
edge there’s been a warming, but
they're saying, Well, okay, but we're
still not sure what'’s causing it. They
are a small minority of the scientific

community. When you look at data like

bore hole temperatures, they indicatsg
sthat there’s been a warming around t
world over the last several hundred
g years. We've seen that the ocean’s
undergone a net warming consistent
with increase in heat conten

facilities for water, then we
may be facing increased
outbreaks of cholera.
During the last El Nifio

There's no question now that the atmosphere
has warmed over the last hundred years ...

predicted from the models.
We see the lower atmo-
sphere has warmed. We se
from paleoclimatic data suc
as tree rings and lake

there was an increase of

cholera in some regions because of thgéemperature change positive for the

increase in temperatures in some
coastal areas.

ER: It is a warm weather disease and
we didn’t understand that until fairly
recently.

SL: Right. Yes, it was the present
Director of the National Science
Foundation, Rita Caldwell, with her
colleagues, who found where the

source of the cholera bacteria are andg

that it lives in the ocean in a form that
is dormant until certain conditions are|
ripe for the development of the
plankton and the bacteria.

ER: Aren't some parts of the ocean
actually cooling?

North Atlantic. The cooling of the sub
Arctic in the North Atlantic may be
affecting the cod fishery there, for
example. We're also seeing a cooling
in parts of the North Pacific which
likely is affecting salmon fisheries in
this ocean.

So ocean warming can have loca
impacts, but the scientific community
is still trying to sort a lot of this out. To
bring in all of the different facets of th
climate system is a considerable
intellectual undertaking. In the scien-
tific community, we don’t really have
generalists with respect to the climate
system so much as we have a lot of

sediments that there has
been a warming. All of this evidence
- taken together | think is compelling.
That will be summarized and publishé
by the IPCC next year.

ER: Do you understand what's going
on with the cooling of the North
Atlantic and North Pacific?

SL: We have a rudimentary under-
standing but realize that it's only bee
in the last ten years that we've put
together a lot of the data so we can
begin to understand these phenomer
Approximately twenty-five years ago
the large-scale atmospheric circulatic
patterns, particularly as shown by se

D

experts, and so we're trying to bring dll level pressure, have shifted into a st

the different facets of climate and

that's producing changes that result i
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warming in some regions and cooling
in others for both the atmosphere and
ocean. The question stll is, how much
is this due to natural variability how
much is due to the observed increase
greenhouse gases?

The Earth’s atmosphere and oceg
may have certain modes of variability
certain patterns that they can get
locked into due to forcing, and as
patterns change, there is an associatg
change in storm tracks. We know that
the storm tracks in the Atlantic Ocean
change with respect to the North
Atlantic Oscillation in sea level
pressure. Since about 1971

Environmental Review

on these fluxes of heat and fresh wat
from the ocean to the atmosphere.
Many people think this is a slow
process, but in fact geologically
ispeaking, it's not slow. One of the
things we’ve learned from studying ic
cores and ocean sediments is that in
npast the atmosphere and ocean circu
tions have changed on time scales ag
short as ten years. So the concern is
that by increasing greenhouse gases
bdnay shift the climate system rather
abruptly, so abruptly we wouldn’'t hav
time to mitigate.
I may have gotten a little bit away
from your initial question, which was

the storm tracks have
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brlayers of the North Atlantic are
transporting heat in the form of warm
water from the tropics to the polar
regions. That's where the idea of the
conveyor belt comes in.

a)

-

thER: Has that conveyor shifted or
lachanged directions in the past?

SL: Yes. We know from the geologica
wecords that during the last Ice Age th
the ocean circulation was very differ-
b ent. In fact the Gulf Stream left Cape
Hatteras and extended almost due ea
rather than going towards the northea
and warming the UK and other regior
of northwest Europe. Such

changed and we're getting
many storms that track acrog
the Labrador Sea. There’s
been a tremendous heat losg

...over the last thousand years there's been
S no warming even comparable to the warming
that's occurred in the last hundred years.

circulation change now
could have big impacts on
our climate.

ER: Are we closer to

from the Labrador Sea, which
shows up as this tremendous cooling.
Even from the surface down to about
2,000 meters depth, the Labrador has
cooled by about one degree Celsius,

and it's also gotten fresher. We have

never seen water this cold there, and
this water is now spreading in the dee
layers of the North Atlantic.

We know that since the Labrador
Sea has been cooling down, heat has
been given off to the atmosphere, ang
that's probably had an impact on the

atmospheric circulation. But will it be & of deep water; | don’t know what it's

positive or negative feedback? Will th
increasing heat to the atmosphere in
the Labrador Sea eventually force
another shift so that it will go back to
another change in storm tracks and W
won't get this cooling in the Labrador
Sea because the storms are now
somewhere else? These are the type
things that we are trying to understan

We know that you can change the
ocean’s circulation dramatically base

to talk about the cooling of the sub-
Arctic, but it's an example of how
complicated the system is. And there
are still many things we don’t under-
stand. But the point of our work is tha
there has been a net warming of the
pworld ocean and there are changes
occurring on decadal time scales. Th
is something that we need to under-
stand much more.

ER: There is a conveyor system of heg
in the North Atlantic from the tropics,

e technically called.

SL: Scientifically we call it the

thermohaline circulation, and what |

lewas describing is part of this. When
you have convection in the Labrador
Sea,; that is, you have sinking, and

5 tEmendous losses of heat to the

l.atmosphere during storms, the surfag
water is cooled and it sinks, then it's
transported south while the upper

)

tripping that conveyor
reversal? Are we talking about that
much heat transfer, or do we even
know?

SL: Well, this is one of the possibilitie
that we have to look into because
we’ve increased carbon dioxide by 3(
s percent over the last one hundred
years, and | believe the carbon dioxid
levels in the atmosphere are now as

athe past 160,000 years. As scientists
have pointed out, we are conducting
big geophysical experiment. We can’
say for sure, but one of the possibilitie
is that we could go into an abrupt
climate shift. If we were to, there’s
little question the ocean would be
involved. Our instrumental data thoug
are only for the last fifty years for the
ocean, and so it's hard for us to talk
based on the instrumental data as to

ewhat might happen. We know what's
occurring now in some areas, but not
all areas. But we know from the
paleoclimatic data that there have be

high as they’'ve been at any time during

at
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these big shifts.

And yes, there is no question that
think many scientists are concerned v
could flip into a different climate spacs
because we've increased the amount
carbon dioxide. The fact of the matter
is that not only has the ocean warmed
in the lower atmosphere, but sea ice
has decreased in thickness by about
40 percent over the last thirty years,
and this has been a surprising result.

e SL: Yes. The study was published

BOBritish nuclear submarines that

Environmental Review

ER: This is fairly new information,
isn't it?
e

ofvithin the last year, and that was
published by Drew Rothrock at the
University of Washington based on
declassified data from the U.S. and

patrolled in the Arctic. A decrease of
30 percent or 40 percent in sea ice
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thickness is pretty large. That's anoth
piece of evidence that the climate
systemhas warmed during the past
forty years.

Literature Cited:
1. Warming of the World Ocean S.

Levitus, J.I. Antonov, T.P. Boyer, C.
Stevens 2000 Science 287:2225-222)

What Good Is
Biodiver sity?

Introduction:

There are hundreds of different
kinds of birds in the tropics but less
than one hundred bird species in an
equivalent area of North America. Thg
same holds true for all kinds of life. If
you count the number of species of
insects or plants or snails, you will fing
a bigger number in the tropics than in
higher latitudes. It is not known why
this is so, but that doesn't stop ecolo-

places left on the Earth, land or sea,
that have their full complement of life
forms. There are about 10 million
different life forms on the Earth; half
of them may well be extinct in 100
years, primarily because of human
conversion of their habitat.

What will be the consequences g
this biological holocaust to people?
We rely on our ecosystems to provid
clean air, water, food, shelter, and fu
Clearly, ecosystems cannot perform
these services as well as they can if

1%

half their life forms have disappeared.

Thus what would be an academic,
theoretical debate among scientists

f MH: | attended Deep Springs Collegg

b from Grinnell College, and a Ph.D.
bl from the University of Michigan. My

gists from arguing about
it.

One common
explanation is that more
productive places will
support a larger number
of species. In ecological
parlance, primary
productivity refers to the
amount of plant growth;
that is, an acre with twenty tons of
plants is more productive than an acrg
with only ten tons. So the idea goes th

more productivity can support a greatgr,

variety of animals, plants, bugs and
fungi.

With the unprecedented growth o
the human population there are few

Maintaining a diverse portfolio of species or a
diverse portfolio of stocks increases the chances
that you will see less fluctuation in the total
because as some do poorly others may do better.

| about the effects of biological diver-
at . . . .
|_an argument with serious implication
" for our future. In crude terms the
question is, how much damage can V|
inflict on ecosystems before they sto
functioning?

" sity on ecosystem function has becoféechnology, which includes things like
5 acid rain and climate change. Much g

h the Walker Branch Watershed: long-

We spoke with Michael Huston
about this somewhat arcane but very
important debate.

ER: Professor Huston, what is your
training?

and then | received a B.A. in biology

Ph.D. was on the effects of environ-
mental conditions on early successio
and tropic rainforests. | pretty much
directly came to Oak Ridge from the
University of Michigan.

ER: In what capacity
do you work at Oak
Ridge?

MH: I'm a Senior
Scientist in the
Environmental
Sciences Division. |
work on issues related
to the environmental effects of energ

my work is focused on basic ecosystg
eprocesses at a research site here cal

term studies of hydrology, nutrient

er
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cycling, forest dynamics. I've been
involved in all of that.

ER: What is Oak Ridge National Lab?

MH: Oak Ridge is a multipurpose
laboratory that in addition to nuclear
physics, addresses issues of material
science, advanced ceramics, parallel
computing, and climate modeling. It's
a much more diversified place than,
say, Los Alamos or Sandia. Oak Ridg
National Lab is minimally involved in
military and weapons work, although
there is another plant in Oak Ridge
that’s not official laboratory that is
involved in that, although it's mainly
disassembly and storage now.

ER: Can you give us a little back-
ground information about this contro-
versy?

MH: Sure. There is a long history of
observations that the numbers and
types of species — both plants and
animals — change dramatically from
one part of the Earth to another. You
can compare the number of different
tree species in Wisconsin to the
number of different trees

Environmental Review

guestion of species diversity. Then a
subsequent question is how do those
species coexist, and why do you find
more species coexisting in one place
than another?

Many different ideas have been
proposed about what aspects of the
environment and climate influenced
the number of species. One idea was|
that stable climates — places without]
winter and severe conditions —

b allowed more species to evolve and
then to survive because they weren’t
subjected to winter.

Another idea is that in a more
productive environment, one in
which there was more food or
conditions were better, you could
have more species because they
could divide the resources up in a
way that would allow more species
to coexist.

All of these explanations were
based on direct observations about
the number of species found in
different places and assumptions or
deductions about the quality of the
environment.

There is the assumption that
tropical ecosystems are more stable

in an equivalent area of
Brazil and see huge
differences. There are
things that change
between Wisconsin and
Brazil: the fact that one
place has winter, the
other doesn't; the types
of biological processes
that seem to be important,
and the rates at which those processe
occur.

For a long time these observation
were linked with the idea that environ
mental conditions influenced the
number of species that one found in g
particular area. This gave rise to man
different hypotheses dealing with the

I think most ecologists on both sides of the
Issue are coming to the consensus that in most
situations it's not the number of species in a
community that is important but the
properties of the individual species.

sthan temperate or boreal systems,
which now | think we realize is not

5 necessarily the case. Severe
droughts, fires, hurricanes, those
sorts of things occur in the tropics
and they have effects that might be

y analogous to winters or perhaps ever
glaciation in the higher latitudes.
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ER: Is the amount of biomass greate
in the tropics, or is it just the number g
species?

MH: I'm afraid that we don’t have an
answer for that.

ER: The difference in the number of

species between high and low latitud
is orders of magnitude. Apparently th
difference in biomass is not so obviol

MH: The difference in species be-
tween the latitudes is easy to observe
and we're all impressed by tropical
rainforests, which do have some pret
big trees. But there are a number of
problems in interpreting what's going
on, and one of which is that most of tH
temperate ecosystems have been
severely impacted by man. Most of th
forests in Wisconsin were cut 100 or
150 years ago. As best as we can tell
they had some huge trees, trees that
were probably as big as what you
would find in tropical rainforests or
perhaps bigger.

Comparing temperate forests noyw
to tropical forests now is not necessaf

ily a fair comparison. In general, if on
goes to the remnants of
temperate forests that w
have that are least
impacted, they have as
much biomass as most
tropical forests, and in
many cases more. So
more species in the
tropics is not a matter of
having more biomass
necessarily, but we don't
have good data on this, and we're
currently not collecting good data on
this. The last big effort to look at this
guestion was back in the late 1960s 3
1970s with the International Biologic3
Program where people went out and
measured these things. Since then,
people have been working on ways 0
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getting equivalent information from
satellites, but we're still short on the
ground truth.

There are two fundamental
guestions we can't yet answer. One ig
what are the differences in biomass |
it's distributed across the globe,
particularly from temperate to tropical
ecosystems? The other closely relate,
issue is what is the difference in

Environmental Review

The problem was that as people
began to measure productivity more
carefully, and particularly to manipu-
late productivity, and primarily in
temperate ecosystems using fertilizaf

, tion experiments and looking at
5 productivity gradients where you cou
actually get some decent measure-

[oX

The Far Side by Gary Larson
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So to some extent the pattern is
almost the opposite of what people
thought it was, at least at some scale
So plant diversity increases from zerg
under conditions where plants can’t
live, to the highest diversity at fairly

d poor conditions of low productivity,
and then drops as conditions get better
and better and competitive interactions
result in dominance by a few species

primary productivity; that is, th
rate at which plants are taking
up carbon and converting it to
plant mass? And again, we hay
some information but not
enough for an unequivocal
answer. | think in general we
could probably say that the
amount of biomass doesn’t
differ all that much. There are g
number of ways of looking at
primary productivity, but as a
generalization | think we could
say it looks as if a tropical fores
has about as much primary
production in a year as a
temperate forest does in its
growing season of three or foul
months. On an annual basis
there doesn’t seem to be a hug
difference.

ER: I've always pictured
tropical rainforests as the most
productive places that can be.

ER: An example may be an
old-growth forest in the
Northwest. There’s tons of
wood there but not much
diversity.

MH: That's certainly one
example, and even in the
eastern forests people often
talk about the beech-maple
climax. Whether or not you
believe in climax forests, the
general observation is that
tree diversity goes down ove
the course of succession, so
that in later succession you'l
have domination by beech o
maple or whatever is domi-
nant in that particular region,

That sets up another
concept related to the issue
diversity, which is the idea
that disturbances that kill
organisms, or in the forests,
kill trees, prevent this

MH: The assumption was that

THE FAR SIDE COPYRIGHT FARWORKS, INC. Used by permission of UNIVERSAL
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competitive exclusion from
occurring and allow more

tropical forests were much mo
productive than temperate forests. Th
was ecological dogma, and it's a belie
I think that's still held by many people
even though the evidence is not there
and there is as much contradictory

evidence as there is supportive evi-

fthe highest productivity environmentg
don’t necessarily have the highest pla
, diversity.
In general, plant diversity is
highest in fairly low productivity

dence. But that assumption was taken environments, and as you go to highg

to be support for the idea that high-
productivity environments tended to
have higher species diversity.

productivity, diversity drops as a few
species begin to dominate through
competitive interactions.

igments, what people have found is thalt

species to coexist. That is,
periodic disturbances allow more
species to coexist.
ANt
ER: Why has climax fallen out of
favor? Every ecology course teaches
the concept.

=

MH: | think we maybe questioned thg
idea a bit prematurely. | think that to
some extent the climax was a concef
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based on the idea that there was a When the question becomes, thtgeneraI, the soils in the tropics are vefy

stable climate that led to a highly
predictable and more or less constant
endpoint of succession. | think that
notion is gone out the window, mainly
because paleoecological work has
demonstrated that environmental
conditions, climatic conditions change
and we don't always see the same
vegetation in the same location. So in
that sense | think the

Environmental Review

effect does diversity have on producH
tivity? we have to be careful to make
sure we have the cause and effects
going in the right direction. There’s
lots of evidence, many patterns of
diversity in relation to productivity.
The question is, to what extent can wj
interpret these patterns as the effects
diversity on productivity?

climax concept has

e But even within the tropics there are
aradients and variation in productivity.
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poor as a result of the weathering
processes that occur at higher rates
under warm, wet conditions. So in
general, tropical forests are growing
under fairly unproductive conditions,
at least in terms of the soil resources.

While there aren’t many good
direct measure-
ments of produc-

been modified.
However, the

idea that you do get

a development and

...for a given set of soil conditions and climate, do more species
give you higher productivity or greater stability than fewer species?

tivity, there’s a

lot of information
on tree diversity
in relation to soil

change in vegetation

through the course of succession is s||i|| To some extent | think there has

very much alive and fundamental to
ecology, and in that sense the climax
a term for the late successional state
think is still valid.

ER: Ecologists are a contentious lot
but the argument about diversity bein
good for ecosystem function seems tq
be fairly heated even for them.

MH: The whole argument was framed

in the context of what conditions
influence diversity. Is diversity
regulated by productivity, by stability,
by disturbances? More recently,
largely | think motivated by conserva-
tion concerns and in particular,
concerns about issues of extinction, t
guestion has arisen, What good is
diversity? Does diversity serve a
function? Can we justify the preserva
tion of diversity because it is essentia
for some ecosystem properties?
Essentially turning the old question or
its head. This is a tricky area because
we have a large body of information
and a lot of theory and models that
address the effect of productivity on
diversity. We know that productivity is
correlated with diversity.

been an active interest in demonstrat

asng that diversity is good and diversity
is important and there are scientific
reasons that diversity must be pre-
served. The primary reason among
them has become that diversity is

) important for productivity, which
essentially is saying that higher
diversity ecosystems are more produ
tive than low diversity ecosystems.

Now, before we discuss the
experiments, | think it's important to
recognize that the patterns that we s¢
in nature that I've already described,
we find high diversity, typically high
plant diversity, in unproductive

heznvironments and the most productiy
environments tend to have lower plan
diversity.

ER: Is that true even in the tropics?

MH: In general that's true in the
tropics, although again we don’t havg
quite enough information. But in
general the most productive tropical
forests are certain riparian forests thd
tend to have fairly high biomass and
lower diversity. The important thing tg
keep in mind about the tropics is that

c-soils with higher levels of these
nutrients, you find fewer species. That

1S

e pretty well known, and that does tell U

\t the controversy has arisen because §

conditions, such
as nutrient levels, that may be corre-
lated with productivity, and most of
those examples show the pattern thaf
have been describing. For example,

some work on Costa Rican forests that

was published back in the sixties sho
that the forests with the highest numb
of tree species are found on soils with
low levels of soil nutrients. If you go tg

same pattern is found in African fores
and in Southeast Asian forests.

Those are things that | have
detailed in my book and other publica
tions and many people have com-
mented on that So that pattern is

t something about the effect of diversit
on productivity in that high diversity

does not necessarily overcome limitaf

tions of the environment. Which bring
us around to the other question: for a
given set of soil and climate condition
do more species give you higher
productivity or greater stability than
fewer species? That’s basically wher

number of experiments have claimed
have demonstrated that treatments W

nmore species are more productive than
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treatments with few species. This is
where we get into the crux of a differ-
ent issue. This involves the question g
how to select species for use in an
experiment, and how our selection
process relates to the way species
naturally come together in a wild plan
community.

There’s a fairly straightforward
experimental approach that on first
glance makes a lot of sense, and that
to randomly select plant species from
group, randomly draw combinations
with different numbers of species, loo
at each species by itself and then in
random sets of two, four, eight and so|
on. The idea is to create random
assemblies with different numbers of

This has been the approach taken, ar
the most comprehensive experiments
have addressed this issue. Typically
these experiments find that if one take
the average of all the combinations of
one species and then looks at the
average of the combination of two
species, up to all of the combinations
the highest number of species, the
average productivity goes up, which
seems to suggest that the more speci

species and observe how they performwe have all the species put together,

Environmental Review

having a particularly strong species.
There’s a real question about how on
f interprets these sorts of experimental
results.
If one looks at the average of the
single species plots with each specie

species planted as a monoculture wil
produce a large amount of biomass,
but species that are small in size
planted in a monoculture, will only
isproduce a small amount of biomass.
aif we look at the monocultures we’ll b
adding small species to intermediate
K species to very large species and
essentially coming out with some
intermediate level as the average.

However, at the other end where

dwhat we usually see is that the larges
species from the monoculture is often

planted as a monoculture, clearly large o anyone interested in the
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the largest species in the mixture, an
Sin many cases the mixtures, even

though ten species may have been

planted in them, they will end up bein

dominated by a few species. So in on
pfinterpretation what you're seeing in

many of these mixtures is the effect o

one or two species that dominate the
Pgnixture.

you have, the better

The question is, are mixtures bett
g than monocultures? If mixtures are
e better than monocultures, then the
mixtures should have higher producti
f ity than the most productive monocul

In almost all situations the most

productive mixtures are

off you are.
However, when
one begins to look a
this information a
little more carefully,
one can also see th

most produ

If mixtures are better than monocultures, then the
mixtures should have higher productivity than the

ctive monoculture. In general, this is
almost never the case.

equivalent to or less produc-,
tive than the most productive
monocultures.

There’s a technical term

yielding, and this is some-

as you go to higher

and higher numbers of species, you
have a greater chance of having a
particular single species or a particulg
set of species that have higher produ
tivity, they either get bigger, grow
faster, or you have a higher chance o
selecting a legume that adds nitrogen|
the system. So that in addition to the
higher number of species, you're
looking at a higher probability of

The alternative interpretation is

we're looking at the properties of

rindividual species. If one looks at the

L-monoculture and finds the species th
has the highest productivity, one
should compare the productivity of th

tonost productive monoculture to the
productivity of the most productive
mixture to answer the question if our
mixture is better.

thing farmers, of course, are
very interested in. If you can get high
productivity by planting two species
together than by planting either one o
atthem singly, the objective thenisto g

e two species together.

There’s been a tremendous amo
of both theoretical and experimental
work in agriculture looking at how to
quantify over yielding, and basically it

ture. In general, this is never the casq.

for a phenomenon called oveg

the highest productivity and plant thog
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comes down to comparing the most
productive monoculture to the mix-
tures. Over yielding can be easily
achieved in certain ways. For ex-
ample, by planting legumes with
grasses — for example, a mix of
soybeans and corn or beans and corr
— the productivity of the mixture is
often higher than the productivity of
either of those alone, and that'’s a fair|
well known phenomenon.

ER: What does the grass give the
legume?

MH: The grass doesn’t necessarily
give the legume much of anything, bu
the grass grows so much better with
the legume providing nitrogen, that in

Environmental Review

of diversity we might see in naturally
assembled groups of plants? Again,
this is a topic where there is disagree
ment. | think most ecologists feel that
natural communities are not randoml
assembled. There’s strong selection
the environment and what species
occur under particular conditions.
There are limitations on dispersal,
y some species are good dispersers,
others poor dispersers. What we look
when we see a natural community is
not a random subset, but a specific
subset that is there more as a result
some interaction with the environmer
So given that most of the support
for a positive effect of diversity on
productivity comes from randomly
assembled communities raises the

spite of the fact it might
have a somewhat negative
effect on the legume, the
overall yield is still high.

ER: The mixture just
boosts the one plant, not
both.

MH: It's more of a boost to the one.

So there are cases when over yielding its relevance to natural communities.

occurs and is easy to understand.
However, in most of the situations
where the effect of diversity has been
looked at, except where legumes wer
involved, there’s basically no over
yielding. The most productive monoc-
ultures yield as much as the most
productive mixtures.

ER: I have to wonder how relevant
these agricultural type studies are to
tropical biodiversity.

MH: The question is whether random
assembly is relevant to real ecosys-
tems. Is the process of randomly
combining species in an experiment
and seeing some sort of diversity
response, is that relevant to the effect
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ER: Is productivity that important to
an ecosystem?

there are other ways in which the

pynumber of species can have positive
effects on ecosystem processes; mal
of these have to do with maintaining
stability over time. Having a larger
number of species increases the

aprobability that there will be, for
example, a species that may do well

f will do well during cool years, and
t.other species will do well during wet

the portfolio effect. Maintaining a
diverse portfolio of species or a diver
portfolio of stocks increases the

Thereis the idea that ifwe can showthat

losing specieswill cause ecosystemsto
deteriorate, therewill beamore compelling

reason toconservewild species.

guestion in many ecologists’ minds of

addition, there’s the issue of over
yielding. Unless over yielding can be
demonstrated, even in randomly

e assembled communities there’s not
convincing evidence that diversity ha
a positive effect on productivity.

The real question is not looking af
the average response but looking at t
maximum response. Farmers are
always interested in the maximum
response, and they do everything the
can do to get that at any particular se
of environmental conditions,
and evaluating the effects of the
number of species on productivity
basically shows that there is no stron
effect.

fluctuation in the total
because as some do poorly
others may do better. This is
potentially legitimate effect
of diversity on an important

ecosystem process, instabil-

ity.

However, what we often see in
Imature is that environmental fluctua-
tions are sufficiently extreme that mo

much more poorly, during a wet year
5 most species may do much better.
There may be some adjustment withi

compensate for the effect of severe
bit of yield during a drought will be
vy better than getting no yield.
I think most ecologists on both
sides of the issue are coming to a
consensus that in most situations it's

) not the number of species in a comm

of the individual species. Whether yo

MH: | think it's important to recognizg

during warm years and other species

years or dry years. This has been cal

chances that you will see les

species respond the same way, so th
during a dry year most species will da

the species, but not nearly enough to

henvironmental conditions. But from th
perspective of a farmer, getting a littl

nity that is important but the propertie
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have a grass and a legume is much
more important than how many specig
of grass or how many species of
legume you have.

To some extent this has been
phrased in terms of functional types.
There are certain functional types of
plants that when grown together have
higher productivity or may lead to a
more stable productivity over an
annual cycle or over multiple years. Ir
general it's not the number of species|
but the particular mix one sees.

ER: Would having more biodiversity
make extinctions less likely?

MH: To some extent the

Environmental Review

species are rare and are ordinarily

pfound in small areas. These are the

ones that end up on the endangered
species list, and most of the species

we've lost have been endemic specig

that were naturally restricted in their
range. It makes sense that rare speci

would be most likely to go extinct.

The second alternative would be
that extinction is random and any
species is equally likely to go extinct.
this were the case then the results of
these diversity experiments may be
relevant to the effects of extinctions o
ecosystem processes. There’s little
evidence, | think, that extinctions are
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we look at past patterns of extinction
there are | think a number of disturb-
ing examples of abundant species
becoming extinct or at least becomin
s functionally extinct. The way this
seems to operate is mainly through t
psepidemiology of disease, so that the
species that are most likely to be
affected by a disease are sufficiently

maintain its population.
f
If we look back through the past
century in North America, we've
n essentially lost several major specie
Probably the most important of these
was the American chestnut, which by
some accounts was 25

whole issue of the potential
positive effects of diversity
on ecosystem processes is
motivated by concern abou
the perceived extinction

crisis. There is the idea tha

| thin

[

k most ecologists think that natural

communities are not randomly assembled.
There's strong selection by the environment...

percent of the forest
biomass in the southeaste
U.S. An abundant and
important tree was wiped
out in a fairly short period
by an airborne fungus.

if we can show that losing

species will cause ecosystems to
deteriorate, there will be a more
compelling reason to conserve wild
species.

In applying these ideas from
theoretical ecology to the extinction
crisis, it's relevant to ask the question
how extinction usually occurs. What
species go extinct? For example, if
we’re looking at randomly assembled
plant communities in an experiment,
we’'re making an assumption that if we
want to look at the effects of extinctiof
we’re looking at random extinctions.

h

The basic question is, what types
of species are most likely to go extinc{?
| think there are there are three patter

the rare species are most likely to go
extinct. They are the ones that alread
have small population sizes. In gener
in the United States the rare species ar|
the ones that are on the threatened a
endangered species list. Often these

y

which all species living in a particular

the loss of species but the massive

nsnost abundant species are most likel
that could potentially occur. One is thatto go extinct, and this doesn't fit the
hlthe rational arguments that large

ncht least as a result of random fluctua-
tions of population size. However, if

random, although there is a question
to whether massive habitat destructio
that might occur in the tropics is

essentially a random extinction in

area are eliminated regardless of the
properties. So while massive habitat
destruction may technically be a
random extinction, it's generally

associated with such a massive distuf

bance that the issue of ecosystem
productivity and stability becomes a
moot point. The real issue there is no
habitat destruction and disruption.
The third possibility is that the
general concepts of population biolog

and conservation biology which make

populations are less likely to go exting

Similarly, the American
aselm, which was abundant throughout
n most of the eastern U.S. was also
wiped out in a fairly short period of
time by an insect-borne disease.

In these cases we see the most
abundant species being eliminated,
which would lead us to expect that it
would have major effects on the
ecosystem. Even though we've seen
forests recover from the loss of the
chestnut and from the loss of the elm
there’s reason to believe that the
ecosystems were dramatically

But in this case it's not really a
decrease of diversity as much as it ig

y
So to some extent the different

y mechanisms of extinction can be
expected to have different effects on
ecosystems independent of the num

t, of species involved. Losing one
dominant species has a minimum
effect on species diversity, but can

abundant that disease can spread and

changed by the loss of these species.

the loss of a single important species.
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have a huge effect on ecosystem
processes, on productivity, on the fog
available for birds and mammals.

Likewise, the loss of a single rare
species has very little effect on total
species diversity and probably very
little effect on ecosystem processes,
simply because rare species generally
represent very little biomass and have
relatively small role in nutrient cycling
and other ecosystem processes. Tho
are the two more extreme cases.

[eX

ER: There are some serious political
implications of this debate.

=

MH: | think all ecologists regardless ¢
what they think about the direct effect
of species diversity on ecosystem
processes, are concerned about the |
of species, and in particular are con-
cerned that whatever rationale and
contributions science can make towa
conservation are well supported and
sound. If the ecosystem function of
diversity is proposed as the primary
rationale for conserving diversity and

[}

then it proves not to be a valid scientific
argument, there is concern that this n ay

weaken the overall cause of conserva
tion.
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