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FOREWORD 

I view t h e  pub l i ca t i on  of t h i s  p a r t i c u l a r  volume i n  t he  Department of 
Energy 's  "C02" s e r i e s  wi th  something more than the  usua l  s a t i s f a c t i o n .  
This  i s  because it i s  t h e  f i r s t  p u b l i c a t i o n  t o  appear i n  t he  ex t ens ive  
carbon d ioxide  l i t e r a t u r e  t h a t  d e a l s  e x p l i c i t l y  and s u b s t a n t i v e l y  wi th  
t h e  needed r e sea rch  i n t o  t he  impacts of a  change i n  t h e  c l ima te  system 
and an i nc rease  i n  C02 on the  remainder of t h e  g loba l  environment and 
t h e  e f f e c t s  of such an environmental d i s l o c a t i o n  on t h e  wor ld ' s  
s o c i e t a l  system. 

F u r t h e r ,  t h e  pub l i ca t i on  o f ' t h i s  document marks t h e  beginning of 
t h e  end of t he  major p a r t  of t he  Department of Energy's planning 
a c t i v i t y ;  an undertaking t h a t  has  involved 400 o r  more s c i e n t i s t s  

. s i n c e  it began i n  l a t e  1976. ,We w i l l  use t h i s  "Research Agenda" f o r  
developing our Comprehensive P l an ,  Pa r t  11 and,  a s  'with P a r t  I ,  o f f e r  
P a r t  I1 t o  a l l  r e sea rch  o r g a n i z a t i o n s ,  i n  t h i s  count ry  and abroad,  a s  
a  b a s i s  f o r  bu i ld ing  a  network of  coope ra t i ve  i n t e r n a t i o n a l  r e sea rch  
e f f o r t s .  

It i s  wi th  p l ea su re  t h a t  I have t h i s  oppor tun i ty  t o  recognize t h e  
e f f o r t s  of Roger Revel le  and h i s  "managers," E l i s e  Boulding, Charles  
Cooper, Les t e r  Lave, Stephen Schneider and Sylvan W i t t w e r  i n  b r ing ing  
many of t he se  new a r e a s  i n t o  focus f o r  t he  f i r s t  t i m e .  My a s s o c i a t i o n  
w i th  these  i n d i v i d u a l s  has been a s  much a  source  of p l ea su re  a s  of 
enl ightenment .  David Burns of t he  American Assoc ia t ion  f o r  t h e  
Advancement of Science organized over a dozen workshop s e s s i o n s ,  30 
commissioned papers  and t h e  e f f o r t s  of t h e  few hundred c o n t r i b u t o r s  
l i s t e d  i n  Appendix A and guided t h e  convergence of a l l  t h i s  a c t i v i t y  
i n t o  one document. 

David H. S lade ,  D i r ec to r  
Carbon Dioxide and Climate ~ i G i s i 0 . n  
Of f i ce '  of Heal th  and Environmental Research 
Of f i ce  of Environment 
U.S. Department of Energy 



PREFACE 

Environmental and S o c i e t a l  Consequences of a  C02-Induced Climate 
Change: A Research Agenda i s  a  product of a  two-year c o l l a b o r a t i o n  
between the  Carbon Dioxide E f f e c t s  Research and Assessment Program of 
t h e  U.S. Department of Energy (DOE) and t h e  American Assoc ia t ion  f o r  
t h e  Advancement of Science (AAAS). 

I n  1978 DOE asked AAAS t o  organize  a  workshop d e a l i n g , w i t h  t h e  
environmental and s o c i e t a l  consequences of a  C02-induced c l ima te  
change. Roger Revel le ,  a  former p re s iden t  of AAAS, cha i r ed  t h e  
meet ing,  and f i v e  pane ls  prepared r e p o r t s  on t h e  phys i ca l ,  b i o l o g i c a l ,  
a g r i c u l t u r a l ,  s o c i a l ,  and economic impacts of c l imate 'change .  The 
meeting was he ld  i n  Annapolis,  Maryland, Apr i l  2-6, 1979, and brought 
t oge the r  85 s c h o l a r s ,  inc lud ing  a  number from overseas .  I n  a d d i t i o n  
t o  t he  panel r e p o r t s ,  t h e r e  were 28 con t r ibu t ed  papers .   h he Report of 
t h e  Annapolis workshop, DOE p u b l i c a t i o n  CONF-7904143, i s  a v a i l a b l e  
from t h e  Nat ional  Techn ica l  Informat ion  Se rv i ce ,  U.S. Department of 
Commerce, 5285 P o r t  Royal Road, S p r i n g f i e l d ,  V i rg in i a  22161.) 

The Annapolis workshop was t h e  d i f f i c u l t  f i r s t  s t e p  i n  
i d e n t i f y i n g  the  ques t i ons  t o  be addressed by c l ima te  impacts r e sea rch  -- an e f f o r t  which, a s  t h e  Report s t r e s s e s ,  r e q u i r e s  s t r o n g  
m u l t i d i s c i p l i n a r y  l i nkage  a c r o s s  t r a d i t i o n a l  i n t e l l e c t u a l  boundaries .  
Nowhere e l s e  was t h i s  type of r e sea rch  being d iscussed  and planned. 

A s  a  follow-up t o  t h e  Annapolis meet ing,  DOE asked AAAS t o  
undertake "Phase 11" of t h e  e f f e c t s  program. A S t e e r i n g  Group 
(composed of "managers" of t h e  f i v e  t o p i c  a r e a s  d i scussed  a t  t h e  
~ n n a ~ o l i s  workshop and cha i r ed  by Roger Revel le )  d i r e c t e d  t h i s  phase 
of t he  p r o j e c t .  

The S t e e r i n g  Group met t h r e e  t imes t o  p lan  t h e  gene ra l  
approach t o  t h e  p r o j e c t .  There was a l s o  cont inuous correspondence a s  
w e l l  a s  d i s cus s ion  by te lephone.  By l a t e  January 1980, t h e  S t e e r i n g  
Group had s e l e c t e d  t h e  s p e c i f i c  t o p i c s  t h a t  needed r e sea rch .  Exper t s  
were i d e n t i f i e d ,  and 30 papers  were commissioned. Many of t h e  
p r i n c i p a l  au tho r s  of t h e  papers  chose t o  work w i t h . c o a u t h o r s ,  o r  wi th  
t h e  support  of a  r e sea rch  a s s i s t a n t  o r  a  small  committee. Some papers  
were produced a s  t h e  r e s u l t  of workshops. ( L i s t s  of t h e  commissioned 
pape r s ,  p r i n c i p a l  au tho r s  and coauthors  and t h e i r  i n s t i t u t i o n a l  
a f f i l i a t i o n ,  and p a r t i c i p a n t s  i n  workshops, a r e  given i n  t h e  
appendices) .  

Pre l iminary  d r a f t s  were rece ived  i n  t h e  s p r i n g  of 1980, and 
t h e r e  was cons ide rab l e  d i s cus s ion  and correspondence beween t h e  
a u t h o r s  and t h e  S t e e r i n g  Group managers. These pre l iminary  d r a f t s  



were t h e n \ r e v i s e d .  Each f i r s t  d r a f t  was then  s e n t  t o  t h r e e  'expert  
rev iewers ,  and t h e i r  comments, c r i t i c i s m ,  and sugges t ions  f o r  
improvement were s en t  t o  t h e  p r i n c i p a l  au thor  of t h e  paper ,  and t o  t h e  
S t e e r i n g  Group manager wi th  r e s p o n s i b i l i t y  f o r  t h a t  a r e a .  Authors 
d i scussed  these  reviews wi th  t h e  manager -- and r ev i sed  t h e i r  papers  
y e t  again.  

The S t e e r i n g  Group met a t  t he  Nat iona l  Center f o r  Atmospheric 
Research i n  Boulder, Colorado, J u l y  14-17, 1980. They drew h e a v i l y  on 
t h e  commissioned papers ,  but f e l t  t h a t  t h e r e  were too  many r e sea rch  
p r o j e c t s  recommended. They e s t a b l i s h e d  p r i o r i t i e s  so  t h a t  r e s e a r c h  
which is t r u l y  e s s e n t i a l  can be d i s t i ngu i shed  from t h a t  which i s  
merely i n t e r e s t i n g .  Four days of d i s cus s ion  and w r i t i n g  produced a  
d e t a i l e d  o u t l i n e  and most of t h e  t e x t  of t h i s  p r e sen t  volume. I n  some 
c a s e s ,  m a t e r i a l  was quoted o r  paraphrased from the  commissioned 
papers .  The f i r s t  d r a f t  was prepared by Barbara Ri ley ,  e d i t e d  by 
David S leeper  and by David Burns, D i r ec to r  of t h e  AAAS Climate 
P r o j e c t ,  and was e x t e n s i v e l y  r ev i sed  by t h e  S t e e r i n g  Group through 
s e v e r a l  more d r a f t s .  

The d r a f t  r e p o r t  was reviewed by t h e  AAAS Committee on 
Climate ,  and t h e r e  were a d d i t i o n a l  r e v i s i o n s  a s  a  r e s u l t  of t h i s  
review. The f i n a l  r e p o r t  p lu s  t he  30 commissioned papers ,  which 
provide  much f u l l e r  d i s cus s ion  of t h e  r e s e a r c h  i s s u e s ,  were de l ive red  
t o  t h e  Department of Energy i n  November 1980. 

The audience f o r  t h i s  r e p o r t  i s  two-fold: On the  one hand, 
i t  is  addressed t o  s c h o l a r s  and r e s e a r c h e r s  i n t e r e s t e d  i n  t h e  
C02-effects a r e a .  The recommendations sugges t  major l i n e s . o f  r e sea rch  
t h a t  t h e i r  s c i e n t i f i c  co l l eagues  b e l i e v e  a r e  l i k e l y  . t o  be most 
p roduct ive .  This  r e p o r t  is a l s o  addressed t o  those  i n s t i t u t i o n s  whieh 
might provide funding. f o r  C02-related r e sea rch  -- t h e  Department of 
Energy, o t h e r  U.S. departments  and agenc ies ,  t h e  Co'ngress, f o r e i g n  
governments, i n t e r n a t i o n a l  groups,  and p r i v a t e  foundat ions.  It i s  
intended t h e r e f o r e  a s  a  gu ide  f o r  p repar ing  r eques t s  f o r  p roposa ls ,  
and f o r  eva lua t ing  proposa ls  rece ived .  

Th i s  has  been a  l i v e l y ,  i n t e n s i v e ,  and s i g n i f i c a n t  p r o j e c t .  
Equal ly ,  i t  has  been an i n s t r u c t i v e  one f o r  t he  AAAS i n  t h a t  i t  
c o n s t i t u t e d  a  s t i f f  t e s t  of i t s  a b i l i t y  t o  assemble and focus  
i n t e r d i s c i p l i n a r y  s k i l l s  on a  multi-dimensional t a s k .  The Board of 
D i r e c t o r s  i s  g r a t e f u l  t o  a l l  who shouldered the  e f f o r t  and saw i t  
through. 

William D. Carey 
Execut ive O f f i c e r  
American Assoc ia t ion  f o r  t he  

Advancement. of Science 



INTRODUCTION 

In adding carbon dioxide to the atmosphere, mankind is unintentionally 
conducting a great biological and geophysical experiment. This 
experiment can be, expected to increase scientific understanding of 
ecological systems and of the processes in "the ocean and the . 

atmosphere that partially determine world climate.' But from the 
standpoint of governments and peoples, the major problem to be solved 
is to understand the nature of the impacts on societies of rising 
levels of atmospheric carbon dioxi.de (C02)*, with the objective ,of 
avoiding or ameliorating unfavorable impacts and gaining most benefit 
from favorable impacts. The research program proposed herein is 
designed .to provide the understanding needed to achieve this 

. objective. It is based on a recognition of the distinctive 
.characteristics of the C02 problem.** 

The Problem is Global. All countries of the world have 
contributed and will contribute C02 to the atmosphere, primarily 
through combustion of fossil fuels and clearing of. forests. The 
impacts of added atmospheric C02 and of the climate changes that will 
almost certainly result will be felt, though in different ways, by all 
countries. 

The Probable Outcome is Beyond Human Experience. The 
concentration of C02 in the atmosphere is likely to be higher, and 
average temperatures in the lower atmosphere are likely to be warmer, 
than at any time during the last 100,000 years. 

The Problem .Is Long-Range. If large quantities of fossil 
fuels continue to be used, there will be a slow, continuous increase 
in atmospheric C02 and' probably a slow, continuous rise in average 
atmospheric temperatures over the next one and a half centuries. Less 
likely, though not impossible, is a rapid change in climate at some 
future time to a new equilibrium state markedly different from the 
present regime. In either case, if large changes occur, they may be 
irreversible on a human time-scale, requiring several hundred t'o a 
thousand years before the added carbon dioxide is seque,stered in deep 
ocean water. 

*Properly, COZ, but for convenience written in volume I as '*C02'*. 

**In the context of this report, the word "problem" means a challenge 
to human beings to find answers to important questions. It does not 
imply that undesirable consequences will necessarily result if the 
"problem" is not solved. 



S o c i e t i e s  have much exper ience  i n  responding t o  short- term 
environmental c a t a s t r o p h e s  -- e v e n t s ,  such a s  hu r r i canes ,  f l o o d s ,  
d roughts ,  vo l can i c  e r u p t i o n s ,  ea r thquakes ,  o r  f o r e s t  f i r e s .  But t h e  
expected changes from added C02 w i l l  not  be even t s , -  but r a t h e r  slow, 
pervas ive  environmental changes,  much l i k e  t h e  inexorable  movement of 
a g l a c i e r ;  They w i l l  be impercep t ib l e  t o  most people from year  t o  
year  because of t h e  normal i n t e r annua l  range of c l i m a t i c  v a r i a t i o n s .  
People  and governments have l i t t l e  exper ience  i n  consc ious ly  
responding t o  such long-term, slow changes.  However, responses  may be 
more forthcoming i f  c l i m a t i c  extremes, such a s  e x c e p t i o n a l l y  h o t ,  d ry  
summers , a r e  super  impo:sed on the  under1 ying changes. 

The Global C02' Problem is  One Aspect of t h e  Global Ene rgy  
Problem. The energy problem has become acu te  on ly  dur ing  the  l a s t  few 
y e a r s ,  but i t  is l i k e l y  t o  become more and more s e r i o u s  during the  
nex t  f i v e  o r  s i x  decades.  The consequences of r i s i n g  l e v e l s  of 
a tmospheric  C02 could ' l i m i t  t h e  a v a i l a b l e  choices  f o r  s o l u t i o n s  of t h e  
g l o b a l  energy problem. Most energy s o l u t i o n s  w i l l  r e q u i r e  very  l a r g e  
expend i tu re s  f o r  r e sea rch ,  development, and product ion -- f o r  example, 
t h e  f e d e r a l  and p r i v a t e  expendi tures  now being planned f o r  conver t ing  
o i l  s h a l e  and c o a l  t o  f l u i d  f u e l s .  The p o s s i b l e  f u t u r e  magnitude of 
t h e  carbon d ioxide  emissions r e s u l t i n g  from such conversion s t r o n g l y  
sugges t s  t h a t  a po r t i oh  of t he se  funds should be a l l o c a t e d  t o  r e sea rch  
on t h e  carbon d iox ide  problem. 

The Role of t h e  Less-Developed Count r ies  W i l l  be More 
Important  i n  t he  Future .  The amount of energv used i n  the  ~ r e s e n t l v  v. 

less-developed c o u n t r i e s  i s  l i k e l y  t o  i nc rease  much more r a p i d l y  
du r ing  t h e  next  50 y e a r s  than energy used i n  t he  developed ones- 1f  
t h e  sources  of energy i n  the  devloping c o u n t r i e s  w i l l  be p r i n c i p a l l y  
f o s s i l  f u e l s ,  t h e s e  c o u n t r i e s  a r e  l i k e l y  t o  c o n t r i b u t e  a l a r g e  sha re  
of  t h e  a d d i t i o n a l  C02 t o  t he  atmosphere. 

Tn 1975, 29 pe rcen t  of world commercial energy was used i n  t h e  
United S t a t e s .  By 2030, according t o  r ecen t  p r o j e c t i o n s  by t h e  
I n t e r n a t i o n a l  I n s t i t u t e  f o r  Applied Systems Analysis  (IIASA), t h e  
United S t a t e s  sha re  w i l l  be on ly  15-17 p e r c e n t ,  and the  share  of o t h e r  
i n d u s t r i a l i z e d  c o u n t r i e s ,  inc lud ing  the  Sovie t  Union, Western and 
E a s t e r n  Europe, Japan,  A u s t r a l i a ,  and New Zealand, w i l l  drop from 57 
pe rcen t  i n  1975 t o  43-45 percent .  I n  1975, t h e  less-developed 
c o u n t r i e s  of Asia ,  Af r i ca ,  and La t in  America used 15  percent  of world 
commercial energy. IIASA e s t i m a t e s  t h a t  by 2030, t he se  c o u n t r i e s  
t o g e t h e r  w i l l  use 38-42 pe rcen t .  

I n t e r n a t i o n a l  Agreements on Act ions t o  Reduce C02 I n f l u x  t o  
t h e  Atmosphere W i l l  be Very D i f f i c u l t .  I n  i t s  use of energy and i n  
t h e  product ion of C02 from combustion of f o s s i l  f u e l s  and c l e a r i n g  of 
f o r e s t s ,  we can expec t  t h a t  each n a t i o n  and s o c i e t y  w i l l  a c t  i n  i t s  
own i n t e r e s t s ,  i f  i t  has  s u f f i c i e n t  in format ion  about what t h e s e  



interests are. International agreements on actions to reduce the 
influx of C02 to the atmosphere are likely only to the extent that 
each nation sees such actions as being in its .own interests. 

The balance between costs and benefits from added carbon 
dioxide may be quite different for different countries. For example, 
the countries of the Indian subcontinent might benefit greatly if 
there were an increase in the regularity and intensity of the monsoon, 
while they might incur only small costs from the rather slight 
increase in average surface air temperatures expected at low 
latitudes. However, there is a marked asymmetry between consequences 
and causes. Though all countries will experience some aspects of the 
former, only three countries can play a decisive role in causing a 
large future increase in atmospheric C02. Coal makes up 85 to 90 
percent of the carbon- in currently estimated fos'sil fuel resources, 
and nearly 90 percent of the world's coal is located in the Soviet 
Union, China, and the United States. The decisions of these countries 
concerning national uses and exports of coal will have a preponderant 
influence on the future rates and amounts of C02 released to the 
'atmosphere. Because of its relatively advanced mining and 
transportation systems, the primary responsibiliy for increased coal 
use in the next few decades will probably rest with the United States. 

Quantitative Estimates of Costs and Benefits are Not Now 
Possible. At the present time, and perhaps for a long time to come, 
it will not be possible to make quantitative estimates of the costs 
and benefits'to different countries of increases."in atmospheric C02. 

P .  

Five kinds of uncertainty are involved: ! 

, . 
First are the rates at which C02 will be produced by 

world-wide combustion of fossil fuels, forest clearing, and other 
human activities, and the total quantities of C02:produced up to given 
times in the future. 

' .The second uncertainty is the; magnitude of the "airborne 
fraction" -- that is, the partition of the C02, produced by human 
activity among the oceans, the atmosphere, and the biosphere. This 
depends, among other things, on rates and,. amounts of afforestation, 
losses or gains of soil humus in deforested and cultivated lands, the 
nature of the ocean circulation (particularly the vertical components 
of advection, convection, and turbulent mixing), the quantity of 
organic carbon settling out of the photosynthetic zone in the sea into 
deeper water, and the rates of accumulation. or oxidation of peat and 
other organic-rich sediments in marshes, wetlands, and estuaries. All 
of these factors can be expected to vary with changing C02 
concentrations in the atmosphere. : 



Third ,  t h e  e f f e c t s  of added atmospheric C02 on temperature  and 
p r e c i p i t a t i o n  i n  d i f f e r e n t  geographical  r eg ions  a r e  unce r t a in .  
P re sen t  models a l low est ' imates  of changes i n  mean temperatures  and 
p r e c i p i t a t i o n  a t  d i f f e r e n t  l a t i t u d e s ,  w i th in  a  r a t h e r  wide margin of 
e r r o r ,  but they g i v e  l i t t l e  i n s i g h t  i n t o  p o s s i b l e  r e g i o n a l  d i f f e r e n c e s  
i n  t he se  changes. 

The f o u r t h  u n c e r t a i n t y  involves  t he  combined e f f e c t s  of added 
atmospheric  C02, warmer tempera tures ,  and changes i n  p r e c i p i t a t i o n  
p a t t e r n s ,  on a g r i c u l t u r a l  c rop  p l a n t s ,  domestic an imals ,  a g r i c u l t u r a l  
p e s t s ,  f o r e s t s ,  o t h e r  "na tu ra l "  biomes on l and ,  - p o p u l a t i o n s  of f i s h  
and o the r  marine organisms, and the  c ryosphere ,  i nc lud ing  permafrost ,  
s e a  ice, and t h e  West A n t a r c t i c  i c e  shee t .  

And, f i n a l l y ,  we a r e  unable t o , e s t i m a t e  t h e  impacts of a l l  
t h e s e  e f f e c t s  on human be ings  and the ' i r  s o c i e t i e s ,  w i th  t h e i r  widely 
d i f f e r e n t  c a p a c i t i e s  t o  respond and t o  adapt  t o  c6ange. 

But t he  Range of Probable  Outcomes Can Be Est imated.  A s  our 
understanding of t h e  carbon d ioxide  problem improves, w e  should be 
a b l e  t o  make b e t t e r  q u a l i t a t i v e  e s t i m a t e s  of t h e  range of probable  
outcomes. Such e s t i m a t e s  could be used t o  l a y  a  r a t i o n a l  groundwork 
f o r  p o l i c i e s  and a c t i o n s  which would change t h e  r a t e s  a t  which c o s t s  
and b e n e f i t s  a r e  i ncu r r ed  and i n c r e a s e  t he  l i k e l i h o o d  t h a t  b e n e f i t s  
w i l l  exceed c o s t s .  

The range of probable  r a t e s  a t  which carbon d iox ide  w i l l  be 
added t o  t he  atmosphere by human a c t i o n s ;  and t h e  f a c t o r s  t h a t  w i l l  
s low down t h e s e  r a t e s ,  are c l e a r l y  fundamental.  Because of t h e  c l o s e  

. . r e l a t i o n s h i p  between energy use and C02 emiss ion ,  a n a l y t i c a l  s t u d i e s  
should be undertaken t o  des ign  a  range of i n t e g r a t e d  world energy 
p r o j e c t i o n s  f o r  t h e  next  50 y e a r s ,  based on r e g i o n a l  and i n d i v i d u a l  
coun t ry  p r o j e c t i o n s .  Two world p r o j e c t i o n s ,  one h igh  and one low, 
have a l r a d y  been made by IIASA, but t he se  d i f f e r  by only  about 40 
p e r c e n t ,  from 1070 quads of primary energy use i n  2030 f o r  t he  "high" 
pro jec t , ion  t o  670 quads*** f o r  t h e  "low" p r o j e c t i o n .  Much lower 
p r o j e c t i o n s  could r e a l i s t i c a l l y  be made, a s  may be seen by comparing 
t h e  two IIASA p r o j e c t i o n s  f o r  t he  United S t a t e s  (98 t o  123 quads) wi th  . 
t hose  made by t h e  Committee on Nuclear and A l t e r n a t i v e  Energy Sources . . ' ' 

(CONAES) of t h e  Nat iona l  Academy of Sciences (58 t o  134 quads) .  A l l  
energy p r o j e c t i o n s  should take. i n t o  account :  

7  ***One quad = 10 l5 BTU .25 x  10 lS Kcal 3.6 x  10  tons  of coa l  
equ iva l en t  , - 



- f u t u r e  growth of human popula t ions  i n  d i f f e r e n t  
c o u n t r i e s  and reg ions  

- f u t u r e  r eg iona l  and n a t i o n a l  energy needs per caput 
a t  d i f f e r e n t  r a t e s  of economic growth 

- k inds  of energy ( e l e c t r i c i t y ,  p rocess  h e a t ,  p rocess  
steam, chemical products)  needed f o r  i n d u s t r i a l i z a t i o n  
and increased  food product ion ,  p a r t i c u l a r l y  i n  
less-developed c o u n t r i e s  

. . 
- r eg iona l  and n a t i o n a l  energy r e sou rces  of a l l  k inds ,  
i nc lud ing  hydro and wind power, geothermal sou rces ,  
and p o t e n t i a l  uses  of biomass and o t h e r  forms of s o l a r  
energy,  a s  we l l  a s  f o s s i l  f u e l  resources  

- f 6 r e i g n  exchange c o n s t r a i n t s .  i n  d i f f e r e n t  c o u n t r i e s  
on f o s s i l  f u e l  imports 

- p o s s i b i l i t i e s ,  of . energy conserva t ion  i n  1 

t r a n s p o r t a t i o n ,  i n d u s t r y ,  a g r i c u l t u r e ,  and households 
-- f o r  example, .by use of more e f f i c i e n t  cooking 
s t o v e s ,  fuel-conserving v e h i c l e s ,  b i o l o g i c a l  n i t rogen  
f i x a t i o n ,  and c o n s t r u c t i o n  m a t e r i a l s  wi th  low energy 
c o s t s  

- t e chno log ica l  c a p a b i l i t i e s  of d i f f e r e n t  c o u n t r i e s  t o  
c o n s t r u c t  and ope ra t e  nuc l ea r  power p l a n t s  

t 

- f u t u r e  chages i n  t h e  r a t i o  of GNP t o  energy i n  
d i f f e r e n t  c o u n t r i e s  

- p o s s i b i l i t i e s  and c o s t s  of  s u b s t i t u t i n g  smal l - sca le  
d i spe r sed  genera t ion  of e l e c t r i c i t y ,  . us ing  l o c a l l y  
a v a i l a b l e  sources ,  f o r  l a rge - sca l e  c e n t r a l i z e d  
gene ra t i on  . 

.r 

These energy p r o j e c t i o n s  should be ekamined i n  terms of t h e  
f a c t o r s  t h a t  'could slow down the  world-wide r a t e  of C02 emissions.  
For example, even wi th  modest r a t e s  of economic growth, t h e  c o u n t r i e s  
of Eas t  and South Asia ,  comprising h a l f  t h e  wor ld ' s  popula t ion ,  w i l l  
probably use more than 150 quads. of primary energy i n  2030, compared 
wi th  about 35 quads today. But t h e i r  r a t e s  of emission of C02 could 
va ry  by a t  l e a s t  50 pe rcen t ,  depending on the  mix of energy sources .  
Besides  slower r a t e s  of economic growth, which a r e  undes i r ab l e  f o r  
most c o u n t r i e s ,  o t h e r  f a c t o r s  t h a t  could reduce the  i n f l u x  of carbon 
d iox ide  t o  t he  atmosphere over t he  next  50 y e a r s  a r e :  



- a  r ap id  expansion of nuc l ea r  power i n  c o u n t r i e s  w i t h  
less c o a l  r e se rves  than the  United S t a t s  and t h e  
Sov ie t  Union 

- p o s s i b l e  break-throughs i n  s o l a r  e l e c t r i c  technology 
o r  i n  t he  use of s o l a r  energy t o  produce f l u i d  f u e l s  
f o r  t r a n s p o r t a t i o n  

- discovery  and e x p l o i t a t i o n  of l a r g e  n a t u r a l  gas  
r e s o u r c e s ,  p a r t i c u l a r l y  i n  developing c o u n t r i e s  where 
modern geo log ica l  and geophys ica l  exp lo ra t i on  methods 
f o r  hydrocarbons have j u s t  begun t o  be used ( n a t u r a l  
ga s  produces less carbon d iox ide  per  BTU than  o t h e r  
f o s s i l  f u e l s )  

- t h e  development of biomass f u e l ,  e s p e c i a l l y  i n  
t r o p i c a l  less-developed c o u n t r i e s  

. . 

- t he  i n c e n t i v e s  f o r  energy conse rva t ion  t h a t  r e s u l t  
f rom. the  h igh  c a p i t a l  c o s t s  of energy development 

- t h e  product ion,  t r a n s p o r t a t i o n ,  and market ing 
c o n s t r a i n t s  on t h e  development of a  world c o a l  t r a d e ,  
bear ing  i n  mind t h a t  t h r e e  c o u n t r i e s  -- t h e  United 
S t a t e s ,  t h e  Sov ie t  Union, and China -- possess  n e a r l y  
90 percent  of t h e  wor ld ' s  c o a l  r e sou rces  

- t h e  p o s s i b i l i t y  t h a t  t h e  p re sen t  r ap id  d e s t r u c t i o n  
of  f o r e s t s  i n  many less-developed c o u n t r i e s  could be 
s topped o r  even reversed  w i t h i n  t he  next  one t o  two 
decades 

Some of t h e s e  f a c t o r s  have been examined f o r  c o n d i t i o n s  i n  t h e  
United S t a t e s  i n  t h e  CONAES r e p o r t ,  but  they need t o  be cons idered  i n  
terms of t h e  cond i t i ons  i n  o t h e r  developed c o u n t r i e s  and p a r t i c u l a r l y  
i n  the  developing c o u n t r i e s ,  where t h e  very  uneven world d i s t r i b u t i o n  
of f o s s i l  f u e l  resources  and t e c h n i c a l  manpower and t h e  h igh  c a p i t a l  
c o s t s  of  energy development a r e  s e r i o u s  c o n s t r a i n t s .  

The l e v e l s  of impact of s e v e r a l  f a c t o r s  on world-wide r a t e s  of 
C02 emission,  no tab ly  expansion of nuc l ea r  power, major improvements 
i n  s o l a r  energy technology, development of biomass f u e l s ,  f o r e s t  
r egene ra t i on ,  and d i s c o v e r i e s  of n a t u r a l  gas  r e sou rces  w i l l  depend 
l a r g e l y  on r e sea rch ,  development and a p p l i c a t i o n  of new o r  advanced 
technologies .  For example, a  most d e s i r a b l e  new technology would be 
product ion  of adequate q u a n t i t i e s  of  a  f l u i d  f u e l  f o r  t r a n s p o r t a t i o n  
t h a t  would no t  b u i l d  up atmospheric  C02, y e t  would be less expensive 
i n  the  f u t u r e  than such C02-producing f u e l s  a s  s y n t h e t i c  l i q u i d s  from 
c o a l .  



Most of the technologies that could slow down the rates of C02 
emission are outside the scope of this report, which concentrates on 
research to elucidate the environmental and- socioeconomic consequences 
of increased - atmospheric C02. But an appraisal of the probabilities 
of success is essential for assessment of the C02 problem.**** 

Enhancing Benefits and Reducing Costs 

Equally essential, and directly relevant to our environmental and 
socioeconomic concerns, is examination of the ways in which the 
benefits of higher atmospheric C02 can be enhanced and the costs 
reduced, with the possible dbjective of attaining a favorable ratio of 
benefits to costs. The possibilities appear most promising in 
agriculture and forestry. Under. greenhouse conditions, where water 
and plant nutrients are abundant, high atmospheric carbon dioxide is 
known to act as a fertilizer which speeds up the growth of many crop 
plants and reduces' their water requirements. Research is needed to 
determine the potential magnitude of these effects for field and tree 
crops and to enhance the effects through development of C02-responsive 
varieties. Biological and agronomic research should also be 
undertaken to reduce the stresses on agricultural crops and livestock,,. 
resulting from higher temperatures and lower water availability,. that 
are likely to occur in many cultivated areas as the C02 content of the 
atmosphere increases. 

Possible Effects not Susceptible to Human Action 

Finally, we are also concerned with those effects of increased 
atmospheric C02 and climate warming which, if they occurred, would be 
difficult or impossible to modify by deliberate human action. We need 
to estimate the probability of occurrence of such effects, the 
approximate magnitude and timing of .the deleterious (or beneficial) 
consequences, and the costs of societal adaptations to these 
consequences relative 'to the costs of stopping or drastically reducing 
the use of fossil fuels. Examples of such effects are the possible 
disappearance of the West Antarctic ice cap and of the Arctic Ocean 
sea ice, melting of permafrost in high northern .latitudes, and the 
consequences for marine phytoplankton communities and coral reefs of a 
higher hydrogen ion concentration (lower pH) in near surface ocean 
waters. . 

Several questions of this kind .relate to human health and 
behavior, and to environmental conservation: 

****We assume that the goals of assessment are to articulate the main 
issues and central questions, to evaluate the implications of 
alternative choices and responses, to focus attention on critical 
uncertainties, and to identify key constraints -- scientific, 
technical, and political -- to more effective social action. 



- What will be the effect of higher ambient C02 
concentrations on human respiration and how will this 
-- if it exists -- affect human life expectancy? 
- Given warmer average temperatures in mid-latitudes, 
will occasional very hot summers, resulting from 
interannual climatic variations, cause 
life-threatening stresses on physiologically 
vulnerable groups in human populations and among 
domestic animals? 

I '  

- How will the projected fall in upper atmospheric 
temperatures interact with additions of 
chlorofluoromethanes and other gases to alter, the 
ozone content of the stratosphere? How will the 
resulting change in solar ultraviolet radiation 
reaching the earth's surface affect human beings and 
other organisms -- terrestrial, fresh water, and 
marine? 

- Will the present southward drift of human 
populations in the United States and other countries 
such as Finland and Canada be modified by the much 
warmer temperatures expected at higher latitudes in 
these countries? 

- If climatic conditions for agriculture deteriorate 
in Mexico and Central American countries, will 
population pressures for migration to the United 
Stares be intensified? Or if agro-climatic conditions 
should improve, will economic development acc'elerate 
enough to slow migration? 

- Will the rates of extinction of endangered species 
be accelerated by the expected climate changes, 
particularly species living near the upper limits of 
their temperature tolerance? 

t 

Social and Institutional Responses 

We need to understand the ways'in which societies and institutions are 
likely to respond to increased atmospheric carbon dioxide and climatic 
change, and to the accompanying environmental, economic and .. 

geopolitical consequences. .What stresses .on society will result? 
What determines the degree of~vulnerability to stress on different' 
societies and social groups? What stress-response capabilities 
presently exist or might be developed in the future? 



Most s o c i a l  s c i ence  r e sea rch  on response t o  change has  d e a l t  
w i th  short- term,  h igh - s t r e s s ,  c r i s i s  s i t u a t i o n s .  But i n  t h e  C02 
problem, our need i s  t o  understand s o c i e t a l  r e s p o n s e s ,  t o  a  
slowly-changing c l i m a t i c  mean r a t h e r  than t o  short- term extremes. 

I n  a t tempt ing  t o  eva lua t e  the  s o c l a l  impacts of a  slow 
c l i m a t i c  change, s o c i e t y  should be t he  s u b j e c t .  of r e sea rch  -- no t  
c l ima te .  F ive  s o c i e t a l  r e s p o n s e  u n i t s  must be considered:  t h e  
i n d i v i d u a l ,  who processes  s i g n a l s  and informat ion  concerning change, 
who holds  a t t i t u d e s  and va lues  concerning s o c i e t y ,  and who possesses  . 
c e r t a i n  s k i l l s  i n  r e l a t i n g  t o  s o c i e t y ;  t h e  household, which is  t h e  
primary adapt ing  u n i t  t o  change; t h e  l o c a l  community -- t h e  
neighborhood, v i l l a g e ,  town, o r  c i t y ;  t h e  n a t i o n ,  i nc lud ing  both 
governmental and nongovernmental s e c t o r s ;  and t h e  i n t e r n a t i o n a l  system 
of r e l a t i o n s  among na t ions  and c u l t u r e s .  D i f f e r e n t  types  of s o c i e t i e s  
should be s t u d i e d , .  t r i b a l  and n a t i o n a l ,  i n d u s t r i a l i z e d  and 
n o n i n d u s t r i a l i z e d ,  t oge the r  wi th  t h e  subcu l tu re s  of d i f f e r e n t  groups 
w i t h i n  s o c i e t i e s .  

Three Kinds of Research Are Needed 

From t h e  above d i scus s ion  of t h e  c h a r a c t e r i s t i c s  of t h e  C02 problem, 
w e  may conclude t h a t  t h r e e  k inds  of r e sea rch  on t h e  consequences of 
r i s i n g  l e v e l s  of atmospheric carbon d iox ide  and p o s s i b l e  c l i m a t i c  
changes a r e  c a l l e d  f o r :  

. -  Assessment of r i s k s  (and p o t e n t i a l  b e n e f i t s ) '  t h a t  
could be aver ted  only by l i m i t i n g  carbon d iox ide  
emissions.  This  ca tegory  i nc ludes  . p o s s i b l e  changes of 
phys i ca l  p rocesses  i n  t h e  ocean .and the  cryosphere and . 

e f f e c t s  on t h e  biology of marine,  f r e s h  water ,  and 
t e r r e s t r i a l  ecosystems i n  which e f f e c t i v e  human 
i n t e r v e n t i o n  i s  u n l i k e l y  

- Research t o  enhance b e n e f i c i a l  e f f e c t s  and l e s s e n  
harmful ones,  where t h i s  is  p o s s i b l e ,  and t o  slow down 
r a t e s  of carbon d ioxide  emission 

- Study o f .  p o t e n t i a l  s o c i a l  and i n s t i t u t i o n a l  
responses  t o  pro jec ted .  c l i m a t i c  changes 

A l l  t h r e e  c a t e g o r i e s .  of r e sea rch  a r e .  encompassed i n  t h e  
recommended. r e sea rch  p r o j e c t s  g iven  i n  t h e  fo l lowing  c h a p t e r s  of  t h i s  
r e p o r t .  These p r o j e c t s  have been s e 1 e c t e d . b ~  t h e  S t e e r i n g  Group from 
a  l onge r  l i s t  of r e sea rch  t o p i c s  -suggested i n  t he  .commissioned papers .  
C r i t e r i a  f o r  s e l e c t i o n  were, f i r s t ;  our  e s t i m a t e  of  t h e  u se fu lnes s  of 
t h e ' r e s u l t s  i n  e s t a b l i s h i n g  a  r a t i o n a l  framework f o r  n a t i o n a l  and 
i n t e r n a t i o n a l  p o l i c i e s ;  second, t h e  relevance.  of  t h e  proposed r e sea rch  
t o  s o c i e t a l  and s c i e n t i f i c  ques t i ons  o u t s i d e  t h e  C02 problem; t h i r d  ,. 
whether t h e  p r o j e c t  addresses  an answerable ques t i on ,  t h a t  i s ,  t h e  



l i k e l i h o o d  t h a t  s i g n i f i c a n t  r e s u l t s  can be achieved wi th in  a 
reasonable  t i m e  frame; and f o u r t h ,  whether t h e r e  is  a need f o r  a new 
o r  augmented e f f o r t  beyond r e sea rch  a l r e a d y  being conducted, ,usua l ly  
f o r  o the r  purposes ,  which is  a p p l i c a b l e  t o  a s p e c t s  of t h e  C02 problem. 

Many of t h e  r e sea rch  a r e a s  i n  each ca tegory  could be 
s i g n i f i c a n t  i n  l ay ing  a groundwork f o r  pub l i c  po l i cy .  Some of t h e s e ,  
s e l e c t e d  r a t h e r  a r b i t r a r i l y  t o  i l l u s t r a t e  t he  range and scope of t h e  
r e sea rch  requi red  t o  s tudy  t h e  consequences of r i s i n g  l e v e l s  of 
a tmospheric  C02, may be summarized a s  fol lows:  

Risk Assessment 

1. Poss ib l e  'Disappearance of t he  West A n t a r c t i c  I c e  Sheet .  This  
p o r t i o n  of t he  A n t a r c t i c  i c e  cap is be l ieved  by some g l a c i o l o g i s t s  t o  
be  uns t ab l e .  I f  ' t h e r e  were a marked warming i n  po l a r  r eg ions ,  i t  
might d i s appea r ,  caus ing  a world-wide r i s e  i n  s ea  l e v e l  t h a t  would 
inundate  many c o a s t a l  c i t i e s  and much va luab le  a g r i c u l t u r a l  land.  W e  
need t o  be a b l e  t o  e s t ima te  the  p r o b a b i l i t y  t h a t  t h i s  event  could 
occur  and the  approximate r a t e ,  t h a t  is ,  whether t h e  time involved 
might be measured i n  decades o r  c e n t u r i e s .  A s  an analog of p o s s i b l e  
f u t u r e  d e g l a c i a t i o n ,  an at tempt  should be made t o  determine i f  t h e  
West An ta rc t i c  i c e  cap disappeared dur ing  t h e  last  I n t e r g l a c i a l  
pe r iod ,  about 120,000 y e a r s  ago. B e t t e r  understanding i s  needed of 
t h e  dynamics of t he  i c e  s t reams flowing from West A n t a r c t i c a ,  t h e  
r e l a t i o n s h i p s  of t h e s e  s t reams t o  i c e  she lves , '  and t h e  e f f e c t s  on t he  
i c e  she lves  of t h e  disappearance of seasona l  pack i c e  and of hea t ing  
of t h e  surrounding ocean waters .  

2 .  E f f e c t s  on A r t i c  Ocean Sea I c e .  The Manabe-Weatherald model 
i n d i c a t e s  t h a t  wi th  a fou r fo ld  i nc rease  i n  atmospheric C02, t he  cover 
of  sea  i c e .  over t h e  Arc t i c  Ocean would d i s appea r ,  a t '  l e a s t  i n  t he  
summer t ime,  wi th  pos s ib ly  profound changes i n  oceanic  and atmospheric 
c i r c u l a t i o n .  To be a b l e  t o  e s t ima te  the  l i k e l i h o o d  of t h i s  event  and 
t h e  pos s ib l e  consequences,  g r e a t e r  understanding i s  needed of t he  

! dynamics of formation and d i s s o l u t i o n  of sea  i c e  i n  t h e  A r c t i c  Ocean 
and t h e .  surrounding seas  and of t he  i n t e r a c t i o n  between the  sea  i c e z  
and the  underlying waters .  

3 .  Melting of Permafrost  i n  High Northern  latitude.^. With a 
s u f f i c i e n t  i n c r e a s e  i n  a tmospheric  C02, c l i m a t i c  warming of 5"-10°C. 
might occur over land i n  high l a t i t u d e s .  This  could r e s u l t  i n  
e x t e n s i v e  thawing of permafros t ,  wi th  marked e f f e c t s  on the  hydrology 
and ecology of t h e  tundra.  These a r e a s  of f rozen  ground con ta in  l a r g e  
r e s e r v o i r s  of o rganic  carbon i n  pea t  d e p o s i t s ,  and probably a l s o  i n  
methane hydra t e s  a few hundred f e e t  below t h e  su r f ace .  Thawing of t he  
permafros t ,  caused by c l i m a t i c  warming from an atmospheric C02 
i n c r e a s e ,  could r e s u l t  i n  ox ida t ion  of t h e  peat  and r e l e a s e  of methane 
g a s ,  and thus  i n  a p o s i t i v e  feedback e f f e c t  on atmospheric carbon 



dioxide .  The magnitude of t h i s  e f f e c t  would depend on t h e  s i z e ,  
l o c a t i o n ,  and p re sen t  temperature-depth r e l a t i o n s h i p s  of t h e  pea t  and 
methane hydra te  d e p o s i t s .  ~ e c o n n a i s s a n c e  surveys should be made t o  
determine t h e s e  q u a n t i t i e s .  S c i e n t i f i c  coopera t ion  wi th  Canada and 
t h e  Sov ie t  Union is  necessary .because  of t h e  v a s t  a r e a s  of f rozen  
ground wi th in  t he se  c o u n t r i e s .  

Research t o  Enhance Bene f i c i a l  E f f e c t s  and Lessen Harmful Ones 

Far-reaching r e s u l t s  can be hoped f o r  from re sea rch  of t h i s  kind 
app l i ed  t o  a g r i c u l t u r e ,  f o r e s t r y  and animal husbandry, wi th  t h e  
o b j e c t i v e s  of i nc reas ing  p r o d u c t i v i t y  and a t t a i n i n g  g r e a t e r  r e s i l i e n c y  
of a g r i c u l t u r a l  systems under c l i m a t i c  change. 

1. Bio log ica l  E f f e c t s  on Crop P l a n t s  of Inc reases  i n  Atmospheric C02. 
We haye a l r eady  pointed out  t h a t  one of t h e  p r i n c i p a l  b e n e f i t s  of  
increased  atmospheric C02 might be h igher  photosynthe t ic  p r o d u c t i v i t y  
and water-use e f f i c i e n c y  i n  c u l t i v a t e d  c rops .  Indeed, i t  i s  no t  
imposs ib le  t h a t  a smal l  p a r t  of t h e  improvement i n  a g r i c u l t u r a l  y i e l d s  
experienced during t h e  pas t  50 y e a r s  has  r e s u l t e d  from t h e  13  pe rcen t  
i n c r e a s e  i n  atmospheric C02 con ten t  s i n c e  t he  19 th  Century. But much 
r e sea rch  i s  needed t o  t ake  f u l l  advantage of expected f u t u r e  
a tmospheric  C02 l e v e l s .  S t u d i e s  should be undertaken t o  determine 
whether - v a r i e t i e s  of f i e l d  crops can be developed, through 
convent iona l  breeding programs and modern methods of  g e n e t i c  
manipula t ion ,  t h a t  w i l l  have h igher  n e t  photosynthe t ic  product ion and 
use less water a s  t h e  atmospheric C02 conten t  i n c r e a s e s ,  but  w i l l  n o t .  
respond t o  a warmer atmospheric temperature  by an i nc rease  i n  
r e s p i r a t i o n  t h a t  would cance l  out  t h e  e f f e c t  of C02 f e r t i l i z a t i o n .  W e  
a r e  concerned both wi th  more t o t a l  p l a n t  product ion and an i n c r e a s e  o f  
t h e  "harves t  index," t h a t  i s ,  t h e  po r t i on  of t h e  p l a n t  t h a t  can be 
used by human beings f o r  food,  f u e l ,  f i b e r ,  o r  o the r  u s e f u l  products .  
The e f f e c t s  of h igher  temperature  and increased  carbon d iox ide  on 
b i o l o g i c a l  n i t rogen  f i x a t i o n  and on weed, i n s e c t ,  and mic rob io log ica l  
p e s t s  must be taken i n t o  account .  Programs of g e n e t i c  improvement 
should inc lude  g r e a t e r  r e s i s t a n c e  t o  p e s t s  a s  w e l l  a s  t o  o t h e r  
environmental s t r e s s e s .  

2. Improved S t r e s s  Res is tance  i n  Crop P l a n t s .  The c l i m a t i c  changes 
t h a t  a r e  l i k e l y  t o  accompany r i s i n g  l e v e l s  of a tmospheric  carbon 
d iox ide  w i l l  produce environmental s t r e s s e s  i n  many c rop  p l a n t s ,  
r e s u l t i n g  from h igher  average and extreme tempera tures ,  and poss ib ly  
a l s o  from lower water a v a i l a b i l i t y ,  t h e  presence of a tmospheric  
p o l l u t a n t s  -- p a r t i c u l a r l y  ox idan t s  -- unfavorable  s o i l  n u t r i e n t  
l e v e l s ,  increased  s o i l  a l k a l i n i t y ,  o r  h igher  s a l i n i t y .  Research aimed 
a t  a l l e v i a t i n g  t he se  environmental stresses should proceed a long  t h r e e  
p a r a l l e l  l i n e s :  s t u d i e s  of t h e  bas i c  biology of p l a n t  response and 
r e s i s t a n c e  t o  environmental s t r e s s e s ;  g e n e t i c  manipulat ion of c rop  
v a r i e t i e s  f o r  g r e a t e r  r e s i s t a n c e  t o  environmental s t r e s s e s ;  and 



development of production-management systems that maximize the 
expression of genotypic stress resistance. The objective should be to 
improve average yields over relHtively long periods, during which 
interannual climatic variations 'can be expected to occur. 

In developing stress-resistant crop varieties, advantage must 
be taken o f a  wide variety of plant germ plasm. This will require a 
major expansion of present programs to preserve existing gene pools of 
important plant species, particularly in the developing countries of 
tropical and subtropical regions. Three kinds of work are needed: 
systematic collection, preservation, description, evaluation and 
cataloging of germ plasm of useful": plant species; study of the 
requirements for long-term storage, viabiiity, and preservation.of 
variability; and research on gene recombinations to develop plant 
materials adaptable to environmental change and human needs. 

'3. Effects on Manaped Forests. Biomass energy from forest trees can 
be at least partly substituted for fossil fuels, particularly in the 
tropics and- subtropics, but this- substitution "ill be possible on a 
sustainable basis only if the productivity of forests can be greatly 
increased. Research on the effects of increased atmospheric C02 and . 
higher temperatures on high-yielding trees of tropical and subtropcial 
regions ,under different conditions of water stress should be given 
priority, particularly on species that possess symbiotic 
nitrogen-fixing bacteria such as Leucaena, Casuarina, Sesbania, and 
various species of Acacia. In the future, the rapidly-growing energy - - - 
demands of- tropical and subtropical developing countries-might be met 
in large part by renewable biomass fuels from forest plantations, with 
a consequent reduction in worldwide C02 emissions. 

4. Effects of Climate Change on Animal Husbandry. Meat, milk, eggs, 
and other animal products make up a large fraction of the world's 
agricultural output. The greatest concentrations of poultry and 
livestock production exist in the Temperate Zones, where a rise in 
average temperatures of more than 4°C. could occur if atmospheric C02 
is doubled. With presently-used animal varieties, nutrient intake and 
utilization and reproductive rates diminish with rising temperature, 
and the incidence of diseases may rise. Physiological research on 
metabolic and endocrine systems in domestic animals, under conditions 
of high average temperature and occasional extremely hot seasons, is 
needed to understand and quantify these effects. This should lead to 
improved management practices, including better dietary formulations, 
breeding periods synchronized with seasonal climate variations for 
most favorable conception and reproduction, low-cost animal shelters 
to buffer climatic changes, and selection of livestock and poultry 
varieties best suited to higher average and extreme temperatures. 
Attention should also be given to changes in the species composition 
of forage plants in grazing lands and cultivated pastures that could 
give higher nutrient concentrations. 



In tropical and subtropical regions, the rise in average 
temperatures is expected to be relatively small, within the adaptive 
range of existing domestic *$:nimal varieties. But changes in 
precipitation regimes toward-,,both more moisture in some regions and 
greater aridity in others will..require adaptive research on animal 
feeding systems from rangelands, seeded pastures, cultivated forages, 
crop residues, and trees. 'Probable geographical shifts of disease and 
pest zones, following changes in the location of clima.tic zones, call 
for intensified research on prevention and control. 

5. Better Management of Water Resources in Develo~inp-Country 
Agriculture. The traditional agricultural systems of many developing 
countries will be especially vulnerable in regions where increased 
aridity results from carbbn dioxide-induced climatic change. Capital 
investments in large irrigation systems will often be necessary, but 
improvements in management of irrigation water, based on site-specific 
applied research, could be even more important. Dependability of 
irrigation supplies is essential. In many river basins, this can be 
attained by conjunctive use of surface and ground waters. The 
greatest gains can be expected from improvements in on-farm water 
management. More than a doubling of the efficiency of use of 
irrigation water can be looked for, from less than 25 percent to more 
than 50 percent, by reducing losses in conveyance systems, controlling 
depth and uniformity of water applications, lessening evaporation 
losses, using simple methods for water measurement, and better timing 
of irrigations. Changes in cropping patterns, times of planting, and 
area planted will also often be desirable or necessary. 

Research on Societal and Institutional Responses 

1. Construction of Scenarios. Because of the important feedbacks 
among atmospheric and ocean dynamics, marine and land biota, and 
agriculture and energy use, the global C02 problem can best be defined 
by. constructing integrated simulation models -- that is, scenarios. A 
range of scenarios created by teams of physical, biological, and 
social scientists working together could constitute a framework for 
viewing the complex implications of the problem. These scenarios 
would have three major components: 1) a set of initial .conditions, 
including the projections of world rates of energy use and carbon 
dioxide emissions discussed above; 2). cause-and~effect models that 
relate these initial conditions and perturbing forces (such as 
spccific climatic changes) ,to outcomes; and 3) analyses of the 
implications of these outcomes. The objective,should be to create 
plausible and internally-consistent combinations of assumptions and 
estimates about regional climates, ocean and ice dynamics, changes in 
marine and land biota,.effects.on agriculture, and societal responses. 
One part of these scenarios would be models .of future international 
behavior and institutions that might result from the perceived 
self-interests of different nations. Uncertainties must . be modelled 



e x p l i c i t l y ,  wi th  t h e  a i m  of e s t ima t ing  t h e  optimum f l e x i b i l i t y  and 
r e s i l i e n c y  t h a t  s o c i e t i e s  w i l l  need i n  o rde r  t o  d e a l  wi th  
u n c e r t a i n t i e s  a t  t h e  lowest p r a c t i c a b l e  c o s t .  The process  of s cena r io  
c o n s t r u c t i o n  should be i t e r a t i v e ,  .wi th  each  round a.imed a t  g r e a t e r  
cons i s t ency  and sharper  d e f i n i t i o n  of unanswered ques t i ons .  By 
i n t e g r a t i n g  a v a i l a b l e  s c i e n t i f i c  in format ion ,  s c e n a r i o s  can se rve  as 
powerful gu ides  t o  f u r t h e r  r e sea rch .  

2. Impacts on Soc i e ty  of Pas t  Climate Changes. Global and r eg iona l  
c l ima te  changes w i l l  a f f e c t  d i f i fe ren t  s o c i e t i e s  and d i f f e r e n t  segments 
w i t h i n  s o c i e t i e s  i n  a  v a r i e t y  of ways .- . One means t o  determine t h e  
range  of impacts i s  t o  undertake . case  s t u d i e s  on ways i n  which 
f a m i l i e s ,  p o l i t i c a l  i n s t i t u t i o n s ,  and s o c i a l  s e c t o r s  such a s  
a g r i c u l t u r e  have been a f f e c t e d  by changing o r  varying c l ima te s .  

How have p a t t e r n s  of s e t t l e m e n t ,  economic development, s o c i a l  
r e l a t i o n s ,  and people ' s  a t t i t u d e s  and images about t h e  f u t u r e  been 
modified? H i s t o r i c a l  case  s t u d i e s  of c l i m a t i c a l l y  vu lne rab l e  a r e a s  
such a s  I ce l and  and t h e  Great  P l a i n s  of t h e  United S t a t e s  may be 
p a r t i c u l a r l y  u s e f u l  i n  understanding s o c i e t a l  adap ta t i ons .  S tud i e s  of 
s o c i e t a l  responses  t o  "sur roga tes"  f o r  c l i m a t i c  change, e .g . ,  
long-continued s o i l  e ro s ion  o r  r e l a t i v e l y  r a p i d  changes i n  s ea  l e v e l ,  
could  a l s o  be h e l p f u l .  

The b a s i c  resource  f o r  case  s t u d i e s  should be a  
c l ima te - soc i e ty  h i s t o r i c a l  d a t a  bank, t h a t  i s ,  ' a  uniform, 
ch rono log ica l  set of d a t a  on c l i m a t i c  change over  time and t h e  impacts 
of  t he se  changes on s o c i e t i e s .  I n i t i a l l y ,  a t  l e a s t ,  t h e  focus should 
be on t h e  13 th  Century t o  t he  p re sen t  and on Europe and North America, 
but  a s  oppor tun i ty  o f f e r s ,  t he  d a t a  bank should be expanded t o  i nc lude  
o t h e r  t imes and o t h e r  c u l t u r e s .  

3 .  Risk , Percep t ion ,  Informatidn and ~ e c i s i o n - ~ a k i n ~ .  ' S o c i e t i e s  
respond only  t o  cond i t i ons  they  perce ive .  Consequently,  a  p i v o t a l  
a s p e c t  of t h e  carbon d ioxide  ques t i on  involves  how people  i n  d i f f e r e n t  
c u l t u r e s  perce ive  s c i e n t i f i c  and o t h e r  in format ion  and make d e c i s i o n s  
based on t h e i r  percept ions  regard ing  a d a p t a t i o n  o r  o t h e r  responses .  
I n  t h e  i n d u s t r i a l i z e d  c o u n t r i e s ,  many k inds  of e x p e r t s  w i l l  provide 
in format ion  on c l ima te  changes,  and policy-makers a t  a l l  l e v e l s  of 
s o c i e t y  w i l l  d ec ide  how t o  .act on t h k t .  in format ion .  The problem of 
pe rcep t ion  r a i s e s  !several  provocat ive.  and r e sea rchab le  ques t i ons  i n  

Y s o c i a l  psychology. How r e l i a b l e  a r e  t h e  judgments of e x p e r t s  and 

. decision-makers? Where do persona l  b i a s e s  c r eep  i n t o  expe r t  judgment? 
What k inds  of in format ion  does t h e  pub l i c  need i n  o rde r  t o  comprehend 
t h e  known and unknown? How w i l l  f a m i l i e s  perce ive  a  problem and make 
d e c i s i o n s  regard ing  . t h e i r  way of l i f e ?  . Ho,w do people combine m u l t i p l e  
and c o n f l i c t i n g  r i s k s  and b e n e f i t s  of va r ious  op t ions  i n t o  a  s i n g l e  
d e c i s i o n ?  How can pub l i c  op in ion  be a c c u r a t e l y  appra i sed  a s  a  gu ide  t o  
policy-making o f f i c i a l s ?  



Climat ic .Data  Bases and Monitoring 
. , 

t , . . .  

A r e sea rch  i s s u e  t h a t  c u t s  a c r o s s  a l l  a s p e c t s  of r e sea rch  on e f f e c t s  
of  C02-induced c l ima te  change involves  making d i f f e r e n t  k inds  of d a t a  
a c c e s s i b l e  and .usefu1 .  Although t h e  world inventory  of weather and 
c l ima te  d a t a  i s  ex t ens ive ,  t he se  have no t  o f t e n  been r epo r t ed  i n  a 
form most u s e f u l  f o r  p r e d i c t i n g  b i o l o g i c a l  and s o c i e t a l  responses  t o  
c l i m a t e  change . o r  c l ima te  v a r i a t i o n s .  The d e s i r a b i l i t y  of improved . 

h i s t o r i c a l  and c u r r e n t  c l ima te  d a t a  bases  was pointed ou t  
independent ly  by s e v e r a l  groups involved i n  t he  p repa ra t i on  of t h i s ,  
r e p o r t .  The form of t he se  d a t a  bases  should be determined by 
c o l l a b o r a t i o n  among b i o l o g i s t s ,  agronomists ,  r e sou rce  managers, s o c i a l  
s c i e n t i s t s ,  c l i m a t o l o g i s t s ,  s t a t i s t i c i a n s ,  and d a t a  process ing  
s p e c i a l i s t s .  D i f f e r e n t  forms may be r equ i r ed  f o r  a g r i c u l t u r e  and f o r  
s o c i a l  s c i ences .  I n  t r o p i c a l  a g r i c u l t u r e ,  c rop /c l imate  d a t a  systems 
need t o  be b u i l t  and t e s t e d  t h a t  w i l l  i nc lude  information on r e g i o n a l  
c l ima te  and agro-resofirces such a s  s o i l ,  topography, and socioeconomic 
cond i t i ons .  P a r t i c u l a r l y  f o r  ra in-fed a g r i c u l t u r e ,  t he se  d a t a  systems 
could be used i n  i d e n t i f y i n g ,  zoning and mapping a r e a s  s u i t a b l e  f o r  
d i f f e r e n t  c rops  and c r o p p i n g . p a t t e r n s ,  based on c l i m a t i c  and agronomic 
c o n s t r a i n t s .  More g e n e r a l l y ,  ag roc l ima t i c  in format ion  combined wi th  
weather f o r e c a s t s  can be used a t . t h e  farm l e v e l  i n  s e l e c t i n g  p l an t ing  
t imes  and schedul ing i r r i g a t i o n ,  f e r t i l i z e r  a p p l i c a t i o n s ,  and p e s t  
c o n t r o l  measures. A t  t h e  ' n a t i o n a l  l e v e l ,  i t  can be used f o r  
p r e d i c t i o n  of y i e l d s  and prices. .  

B io log ica l  monitor ing of f o r e s t s  and o t h e r  n a t u r a l  ecosystems 
should be undertaken on a cont inu ing  b a s i s  t o  i d e n t i f y  and eva lua t e  
e f f e c t s  of increased  carbon d iox ide  and c l i m a t i c  change. Such 
monitor.ing should be c a r r i e d  out  both on a reconnaissance l e v e l  and i n  
g r e a t e r  d e t a i l  a t  special ly-chosen s i tes ,  t o  s tudy  s p e c i e s  success ions  
and o t h e r  r e l a t i o n s h i p s .  

Many Na t iona l ' and  I n t e r n a t i o n a l  Agencies Should P a r t i c i p a t e  

Although t h e  Department of Energy has  assumed a l ead ing  r o l e  i n  
planning r e sea rch  on t h e  consequences of a high-C02 world,  many 
f e d e r a l  and i n t e r n a t i o n a l  agenc ies  should be involved i n  developing 
and suppor t ing  the  r e sea rch  program. For example, s t u d i e s  of t h e  
p o s s i b l e  f a t e  of t h e  West An ta rc t i c  i c e  cap  would appear t o  l i e  w i th in  
t h e  scope of t h e  An ta rc t i c  Program of t h e  Nat iona l  Science Foundation. 
The Nat iona l  Oceanographic and Atmospheric Adminis t ra t ion  and the  
Department of Defense have long been concerned wi th  Arc t i c  s e a  i c e ,  
whi le  t h e  behavior  of Arc t i c  permafrost  has  been e x t e n s i v e l y  s tud i ed  
by agenc i e s  of t h e  Defense Department and t h e  U.S. Geological  Survey. 
Basic  b i o l o g i c a l  r e sea rch  on p l a n t  responses  t o  increased  carbon 
d iox ide  could p rope r ly  be supported by t h e  Nat ional  Science 
Foundation. The Department of Agr i cu l tu re  should be encouraged t o  



support research and development on s t r e s s  r e s i s t a n c e  and carbon 
dioxide  response i n  crop p lan t s  and on the a l l e v i a t i o n  of temperature 
stresses i n  animal husbandry. The U.S. Forest Service and the  Bureau 
of Land Management a l ready conduct b io log ica l  monitoring of changes i n  
' fo res t s  and, grgzinglands . - .  , . . .  

~t t he  i n t e r n a t i o n a l  l e v e l ,  research  i n s t i t u t e s  of the  
Consultat ive Group on I n t e r n a t i o n a l  Agr icul tura l  Research have begun 
t o  be concerned with problems of a g r i c u l t u r a l  water management i n  the  
developing countr ies .  UNESCO, through i ts  program on Man and the  
Biosphere, is engaged i n  b io log ica l  monitoring. Compilation and use 
of cl imate da ta  f o r  a g r i c u l t u r a l  and o ther  purposes is  one of the  
primary goals  of the  World Climate Program sponsored by the  World 
Meteorological Organization, i n  cooperation with the  Food and 
Agr icu l tu ra l  Organization of the  United Nations. The United Nations 
Environmental Program has primary r e s p o n s i b i l i t y  f o r  worldwide 
climate-impact s t u d i e s ,  including po ten t i a l  -carbon dioxide  impacts. 

~ o r k s h o p s  and Conferences 

5 

S c i e n t i s t s  from a wide v a r i e t y  of d i s c i p l i n e s  i n  both i n d u s t r i a l i z e d  
.and developing coun t r i e s  should be involved from the  beginning i n  
planning a research program on t h e . d i r e c t  b io log ica l  e f f e c t s  on p lan t s  
of  r i s i n g  atmospheric C02 l e v e l s .  We recommend t h a t  the  f i r s t  s t e p  i n  
planning should be the  convening of a major week-long i n t e r n a t i o n a l  
conference. This conference could well  have a s  many a s  200 
p a r t i c i p a n t s ,  and might be sponsored by the  Department of Energy. The 
Proceedings of the  conference should include recommendations f o r  
research  p ro jec t s ,  methodologies, and funding l e v e l s .  I n  order  t o  
s t imula te  research throughout the  world, the  Proceedings should be 
published and widely d i s t r i b u t e d  a s  soon a s  poss ib le  a f t e r  the  
conclusion of the  conference. 

I n  the  s o c i a l  sc iences ,  the re  i s  scant  precedent f o r  much of 
t h e  research needed t o  study the  s o c i e t a l  consequences of r i s i n g  
atmospheric C02 l e v e l s  . Research organized by conventional 
d i s c i p l i n a r y  alignments would probably be l e s s  than' 
i n t e r d i s c i p l i n a r y  s t u d i e s  of major quest ions.  In  order  t o  undertake 
the  l a t te r ,  methods f o r  deal ing  with the  i s sues  should be developed 
and t e s t e d ,  and'- s c i e n t i s t s  of d i f f e r e n t  d i s c i p l i n e s  and backgrounds 
must be helped t o  reach a common ground f o r  cooperat ive work. We 
the re fo re  recommend a s e r i e s  of seven r e l a t i v e l y  small research-design 
workshops which '  would bring together  those who might become a c t i v e l y  

.engaged i n  research  on a p a r t i c u l a r  q u e s t i o n , ,  together  with 
consu l t an t s ,  p r i o r . t o  launching a research projec t .  For example, one 
workshop might bring together  s p e c i a l i s t s  i n t e r e s t e d  i n  h i s t o r i c a l  
case  s t u d i e s  and the  fobnation of a cl imate-society da ta  bank; another 
might bring together  s c i e n t i s t s  i n t e r e s t e d  i n  on-si te  case s t u d i e s  of 
present-day stress s i t u a t i o n s  which might be t r e a t e d  a s  c l i m a t e .  
surrogates .  



. . 
The Commissioned Papers 

A s  indica ted  i n  the  Preface,  more than 400 s c i e n t i e f s  represent ing  
many s p e c i a l t i e s  pa r t i c ipa ted  i n  some way i n  preparing t h i s  r epor t .  
The research  recommendations encompass only a small number of t h e  many 
suggest ions i n  the  30 commissioned papers. These papers should be 
consulted f o r  f u l l e r  d iscuss ion of ques t ions  concerning the  
consequences of a  high-C02 world and the  poss ib le  r e s u l t a n t  climatic . :.<%, . 

changes, and f o r  d e t a i l s  of proposed research  projec ts .  In some ., ' 

cases ,  funding l e v e l s  and manpower requirements a r e  suggested, but 
these  must. be regarded only a s  order-of-magnitude approximations. 
Speci f ic  p ro jec t s  w i l l ,  :' of course,  r equ i re  d e t a i l e d  proposals and 
budgets. 

. . - .  . . 
. , 

The ~ u t u r e  of C02 Impact Studies  

  his repor t  i s  merely a s t a r t i n g  point  f o r  what w i l l  doubt less  be a 
long e f f o r t ;  t he  study of C02-induced impacts on human'affaire is j u s t  
beg inning. Because of the  wide range of sub jec t  a r e a s ,  the  
mul t i -d isc ip l inary  nature  of ' t h e  research ,  and : t h e  i n t e r n a t i o n a l  
impl ica t ions  of the  problem, t h e .  r u r t h e r  development ' of impact s t u d i e s  
w i l l  a1mos.t c e r t a i n l y  prompt ubefu l .  new sugges t ions ' fo r  research.  
These should be welcomed and incorporated i n t o  . t h e  g l o b a l ,  research ' 

program a s  i t  evolves. . ,  . 

Roger Revelle 
Chairman 

Pro jec t  s tke=ing Group 
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I 
CRYOSPHERE, OCEANS, AND MARINE BIOTA 

Research on C02 e f f e c t s  on t h e  cryosphere and oceans should 
concen t r a t e  on t h e  f u t u r e  of t h e  West A n t a r c t i c  i c e  s h e e t ;  t h e  
response  of Northern Hemisphere s ea  i c e  and ' the A r c t i c  Ocean t o  
c l i m a t i c  warming; changes i n  permafrost  i n  Asia and North America; 
changes i n  t h e  c i r c u l a t i o n  of t h e  upper ocean; and e f f e c t s  on marine. 
b i o t a .  

' West A n t a r c t i c  I c e  Sheet 

Most of t h e  West An ta rc t i c  i c e  shee t  i s  grounded below sea  l e v e l .  
Because of t h i s ,  i t  i s  thought t o  be r e l a t i v e l y  uns t ab l e  compared t o  
t h e  remainder of t h e  i c e  cover over An ta rc t i ca .  The e x i s t e n c e  of a  
t e r r a c e  about s i x  meters  above sea  l e v e l  i n  many c o a s t a l  a r e a s  of t he  
world sugges ts  t h a t  t h i s  i c e  shee t  disappeared dur ing  t h e  l a s t  
i n t e r g l a c i a l  per iod about 120 ,000 .years  ago. We need t o  know whether 

- t h i s  a c t u a l l y  happened, and i f  s o ,  a t  what r a t e .  

I f  t he  West An ta rc t i c  i c e  shee t  d i s i n t e g r a t e s  because . o f  
warming of t he  ocean and atmosphere i n  h igh  southern  l a t i t u d e s ,  s ea  
l e v e l s  would r i s e  f i v e  t o  s i x  meters .  This",would inundate  many 

. c o a s t a l  c i t i e s  and much p r e s e n t l y  product ive  farmland i n  t h e  
Nether lands,  Bangladesh, t h e  c o a s t a l  lowlands of t h e  southern  United 
S t a t e s ,  and populated r i v e r  d e l t a s  throughout t he  world. The slower 
t h e  r i s e  i n  sea l e v e l ,  t h e  e a s i e r  s o c i a l  and' economic adap ta t i on  would 
be,  a t  l e a s t  f o r  t he  c i t i e s .  Except f o r  h i s t o r i c a l  monuments, c i t i e s  
a r e  c o n s t a n t l y  being r e b u i l t  wi th  a  "ha l f  l i f e "  f o r  most c i t y  
b u i l d i n g s  on t h e  o rde r  of 50 yea r s .  An at tempt  t o  determine t h e  r a t e  
of disappearance of t he  West An ta rc t i c  i c e  shee t  during t h e  l a s t  
i n t e r g l a c i a l  (and,  of course ,  whether i t  disappeared a t  a l l )  would 

- t h e r e f o r e  appear t o  be a  r e sea rch  i s s u e  of t h e  g r e a t e s t  importance. 

D r i l l i n g  through the  i c e  shee t  could throw l i g h t  on t h i s  
problem. One might expect  t o  f i n d  a  d i s c o n t i n u i t y  i n  t h e  annual  i c e  
l a y e r s  corresponding t o  t h e  l a s t  i n t e r g l a c i a l  per iod ,  and the  n a t u r e  
of  t h i s  d i s c o n t i n u i t y  might g ive  an i n d i c a t i o n  of t h e  sequence of 
e v e n t s  . I c e  co re s  should a l s o  g ive  u s e f u l  in format ion  about pas t  
c l i m a t e s ,  and t h e  C02 . con ten t  of t h e  atmosphere dur ing  the  l a s t  
g l a c i a l  per iod and the  e a r l y  p a r t  of t he  p re sen t  i n t e r g l a c i a l .  
Ca re fu l  pa l eon to log ica l  and geochemfcal s t u d i e s  of remnant l imes tone  
r e e f s  on high i s l a n d s  and i n  c o a s t a l  a r e a s  of t r o p i c a l  s ea s  could 
i n d i c a t e  approximately how r a p i d l y  t h e  sea  ro se  about 120,000 y e a r s  
ago years  ago t,o a  l e v e l  s e v e r a l m e t e r s  above i t s  p re sen t  s ea  l e v e l .  



The dynamics of i c e  f low p re sen t  another  important r e sea rch  
a r e a ,  p a r t i c u l a r l y  i n  t h e  Pine I s l a n d  a r e a  of West An ta rc t i ca  where 
t h e  p r o t e c t i n g  i c e  s h e l f .  . . - I  i s  absen t  o r  minimal i n  e x t e n t .  
Measurements, p r e f e r a b l y  a t  d i f f e r e n t  dep ths  i n  t he  i c e  s h e e t ,  should 
be made of t h e  p re sen t  r a t e  of flow of t h e  i c e ,  and t h e  r e l a t i o n s h i p  
of  t h i s  rate t o  t h e  phys ica l  p r o p e r t i e s  of,  t h e  i c e .  Models of i c e  
f low dynamics need t o  be f u r t h e r  developed and checked by f i e l d  
obse rva t ion .  S a t e l l i t e  observa t ion  of t h e  l a t e r a l  ex t en t  of s ea  i c e  
and of t he  i c e  ,shelves around A n t a r c t i c a  a s  wel l  a s  t he  su r f ace  
topography of t h e ,  i c e  s h e e t  should be planned wi th  t.he o b j e c t i v e  of 
e s t a b l i s h i n g  a  monitoring program t o  be cont inued over t he  next  
s e v e r a l  decades.  (For a  f u r t h e r  d i s c u s s i o n  of t h e  ques t i ons  r a i s e d  
and t h e  r e sea rch  proposed, s e e  paper by Charles  Bent ley,  Volume 11.)  

PRIORITY RESEARCH: 

o  Deep D r i l l i n g  i n  t he  I c e  Sheet .  Bore ho l e s  
should be d r i l l e d  and cored Irom top t o  bottom of t h e  
ice shee t  i n  both Eas t  and West An ta rc t i ca .  The Eas t  
A n t a r c t i c  co re s  may provide a  record of i c e  
a c c w u l a t i o n  f o r  t he  l a s t  150,000 yea r s  o r  more, whi le  
t h e  West- An ta rc t i c  co re s  might show a  h i a t u s  about 
120,000 y e a r s  ago (when the  West A n t a r c t i c  i c e  shee t  
presumably d i s i n t e g r a t e d )  and a  subsequent sequence of 
i c e  formation when the  i c e  reappeared during the  l a s t  
g l a c i a l  per iod .  P r e c i s e  d a t i n g  of t h e  i c e  l a y e r s  
depos i ted  du r in  t h e  pas t  20,000 y e a r s  o r  so  i s  
p o s s i b l e  using l k C ,  and ; f o r  g r e a t e r  ages  us ing  t h e  
r e l a t i v e  abundance of 36~1 which has  a  h a l f - l i f e  .of 
300,000 yea r s .  Measurements of t h e  r a t i o s  of s t a b l e  
oxygen i s o t o p e s ,  180/ 160, can be used t o  e l u c i d a t e  
f l u c t u a t i o n s  i n  a i r  t empera tures ,  a s  can s t r a t i g r a p h i c  
i n d i c a t o r s  of mel t  phenomena which occurred a t  t h e  
t i m e  of i c e  formation.  Recent work has  shown t h a t  i c e  
c o r e s  a l s o  con ta in  minute, q u a n t i t i e s  of a i r  ( i nc lud ing  
C02) from the  t ime when the  i c e  shee t  was formed. 
R e s u l t s  from both Greenland and An ta rc t i ca  i n d i c a t e  
t h a t  a tmospheric  C02 was probably no t  more than 200 
p a r t s  per,  m i l l i o n  (ppm) toward the  end of t h e  l a s t  
g l a c i a l  pe r iod ,  r i s i n g  t o  perhaps 350-400 ppm dur ing  
t h e  e a r l y  s t a g e s  of t h e  presen t  i n t e r g l a c i a l .  

To d r i l l  and co re  t he se ,  deep ho le s  i n  t h e  i c e ,  
equipment capable  of p e n e t r a t i n g  cold i c e  t o  depths  
g r e a t e r  than 1,000 meters  must be used. (Below t h i s  
dep th  d r i l l i n g  f l u i d  becomes e s s e n t i a l  t o  prevent  ho l e  
c o l l a p s e ) .  Denmark, France, and the  Sovie t  Union a r e  
experimenting wi th  deep d r i l l s ;  t h e  United S t a t e s  i s  
p a r t i c i p a t i n g  i n  t h e  Danish deep d r i l l i n g  program i n  
Greenland and is a s s e s s i n g  the  p o s s i b l e  a p p l i c a t i o n  of 
t h e  Danish d r i l l  i n  Ankarct ica ,  



Development and t e s t i n g  of t h e  equipment f o r  
A n t a r c t i c  use and the  d r i l l i n g  i t s e l f ' s h o u l d  probably 
be under t h e  sponsorship of t h e  A n t a r c t i c  Program of 
t h e  Nat ional  Science Foundation. Geo'chemical 
l a b o r a t o r i e s  i n  s e v e r a l  c o u n t r i e s  could .under take  t he  
s t u d i e s  f o r  d a t i n g  t h e  i c e ,  determining.  p a s t  carbon 
d iox ide  concen t r a t i ons ,  and making e s t i m a t e s  of 
c l imat ic . -  v a r i a b i l i t y  from s t a b l e  oxygen i so tope  
r a t i o s .  

o  'Worldwi'd'e ' Study  of Te'rraces above Presen t  
Sea Level .  Well-preserved f o s s i l  c o r a l s  i n  l a t e  
P l e i s t o c e n e  wave-cut and d e p o s i t i o n a l  t e r r a c e s  a t  21 
l o c a l i t i e s  throughout t h e  world have been dated by 
measurements of t h e  r a t i o s  of uranium and thorium 
i so topes .*  A t  almost a l l  l o c a l i t i e s ,  a  h igh  sea  l e v e l  
about 7 meters  above the  p re sen t  occurred 120,000 
y e a r s  ago. A somewhat lower high s tand  of t h e  s e a  -- 
perhaps 2 meters. above presen t  s ea  l e v e l  -- appears  t o  
have occurred 135,000 y e a r s  ago. A s  shown by oxygen 
i so tope  r a t i o s  i n  deep sea  sediments ,  t h i s  e a r l i e r  
h igh  l e v e l  was accompanied by a  major melt-water event  
i n  t h e  Gulf of Mexico, which may have been caused by 
mel t ing  of t h e  Northern Hemisphere i c e  cap. The 
h igher  s tand  120,000 yea r s  ago could have r e s u l t e d  
from t h e  tempora'ry disappearance of t h e  West An ta rc t i c  
ice cap. I f  t h i s  happened qu ick ly ,  a  s u r f a c e  l a y e r  of 
l ow-sa l in i t y  water might have p e r s i s t e d  long enough t o  
l e a v e  a  measurable t r a c e  in  the 180/160 r a t i o  of t h e  
o l d e s t  c o r a l  ' f o s s i l s  on t h e  t e r r a c e s .  A r a p i d  r i s e  
might a l s o  be i nd i ca t ed  i f  c o r a l  and a l g a l  spec i e s  
t h a t  grow b e s t  a  few meters  below t h e  s u r f a c e  were 
found near  t h e  bottom of t h e  d e p o s i t i o n a l  t e r r a c e s ,  
underneath remains of shal lower water  organisms. 
These s t u d i e s  . c a l l  f o r  coopera t ive  r e sea rch  between 
geochemists and pa l eon to log i s t s .  

o  .Drainage Basin S tud ie s .  Most of t h e  West 
A n t a r c t i c  i c e  s h e e t  can be convenien t ly  subdivided 
i n t o  a  number of major dra inage  bas in s  which can have 
d i f f e r e n t  s t a t e s  of mass balance ( d i f f e r e n c e  between 
accumulation and mel t ing  r a t e s  of ' i c e  masses) ,  and 
r e a c t  d i f f e r e n t l y  t o  e x t e r n a l  changes. Two of t he se  
bas in s  a r e  of g r e a t e s t  p r e sen t  i n t e r e s t :  t h e  Amundsen 
Sea ~ r a i n a ~ e  Basin and t h e  Ross.  Sea. Drainage Basin.  

*W. S. Moore, "Late P l e i s tocene  Sea ~ e v e i  His torv"  i n  Uranium - S e r i e s  
i n  Disequi l ibr ium: Appl ica t ions  t o  Problems i n  Ea r th  Science.  Edi ted  
by Miro Ivanovich and Russ Harmon. Oxford Un ive r s i t y  P re s s .  1981 ( i n  
p r e s s ) .  



. Amundsen Sea Drainage Basin: a) The present-day 
grounding lines of Thwaites and Pine Island Glaciers 
should be located accurately. b) The ice discharge 
velocity and flux across these grounding lines should 
be measured (in part by remote sensing.) c) Surface 
and bed topography must be mapped so that the ice 
drainage systems of Thwaites and Pine Island Glaciers 
can be accurately determined, and boundary conditions 
for numerical modelling experiments established, 
including subglacial meltwater where it exists. d) 
Snow accumulation rates and surface temperatures for 
the Thwaites and Pine Island GJacier drainage systems 
should be measured at a grid of surface data stations. , 
e) A corehole to bedrock should be drilled through the 
low ice-divide saddle between the Amundsen and Weddell 
Sea drainage basins to determine whether this saddle 
has recently lowered and/or migrated. f) Precision 
elevation profiles, possibly using laser or radar 
satellite altimetry, should be completed of Thwaites 
and Pine Island Glaciers' flowlines. g) The expansion 
of ablation (melting) zones of Thwaites and Pine 
Island Glaciers should be monitored (possibly by 
satellite imagery using reflectivity and microwave 
emissivity) as indicators of response to climatic 
warming. 

R ~ S S  Sea Drainage Basin: The program in the Ross 
basin should be similar to that in the Amundsen basin 
except that the bedrock topography has already largely 
been mapped. The emphasis should be on Ice Streams B' 
and C, because 1ce Stream .B is one of the most active, 
whereas Ice Stream C,. may recently have diminished 
substantially in its activity. Existing data suggest 
that the contrasting behavior of these ice streams is 
inconsistent with steady state. We need contemporary 
surface mass balance measurements along with flow 
lines from the ice divide to the ice shelf, with 
supporting velocity and strain rate data. Ice 
temperatures .should be determined in all drill holes 
as an indicator of any recent climate change. At some 
locations the ice shelf. should be penetrated by 
temperature sensors, some frozen' into the ice itself 
and others in the water column below the ice. 

Northern Hemisphere Sea Ice and the Arctic Ocean 

According to the Manabe-Stouffer model (a global circulation model 
developed at NOAA's Geophysical Fluid Dynamics Laboratory at 
Princeton, showing a theoretical climatic response to changes in 
atmospheric carbon dioxide) a sufficient increase of the atmospheric 

- "  * d 



C02 con ten t  could r e s u l t  i n  a  d i sappearance ,  a t  l e a s t  dur ing  t h e  
summer months, of Arc t i c  Sea '  i c e .  This  would have profound e f f e c t s  
on t h e  t r a n s f e r  of hea t  and water vapor between t h e  sea  and t h e  a i r  i n  
h igh  no r the rn  l a t i t u d e s ,  and a l s o  perhaps on the  formation of A t l a n t i c  
deep and bottom water .  Diminution i n  t h e  e x t e n t  of s e a  i c e  cover  
would markedly decrease  t he  e a r t h ' s  a lbedo  ( o r  r e f l e c t i v i t y )  and thus  
probably modify oceanic  and atmospheric  c i r c u l a t i o n  p a t t e r n s .  

The c u r r e n t  seasona l  and in t e r annua l  f l u c t u a t i o n s  of  t h e  
e x t e n t  of t h e  sea  i c e  need t o  be understood. These f l u c t u a t i o n s  a r e  
monitored using s a t e l l i t e s  and o t h e r  means, by Sov ie t ,  Canadian, 
American and o t h e r  governmental agenc ies .  But t h e  thermal ,  chemical ,  
and mechanical processes  involved should be c l a r i f i e d  by experimental  
r e sea rch  and t h e o r e t i c a l  model l ing,  p a r t i c u l a r l y  t h e  processes  of hea t  
t r a n s f e r  between the  i c e ,  t he  underlying sea  water ,  and t h e  over ly ing  
a i r .  (The p re sen t  NOAA, NASA, Navy, and A i r  Force program of s a t e l l i t e  
images f o r  p r epa ra t i on  of i c e  c h a r t s ,  and s c i e n t i f i c  a n a l y s i s  of s e a  
i c e  d a t a ,  can provide more p r e c i s e  in format ion  about v a r i a t i o n s  i n  t h e  
e x t e n t  of s ea  i c e  cover . )  

A second s e t  of r e sea rch  i s s u e s  concerns t he  s ink ing  of 
c h i l l e d  h igh  s a l i n i t y . w a ' t e r  from l e a d s  -- l a r g e  a r e a s  of open water  -- 
between masses of sea  i c e .  A t  t h e  p re sen t  t i m e ,  r e l a t i v e l y  l a r g e  
q u a n t i t i e s  of f r e s h  water a r e  c a r r i e d  t o  t h e  ocean by S ibe r i an  r i v e r s .  
Th i s  f r e s h  water spreads  out  i n  a  t h i n  l a y e r  over t h e  more s a l i n e  s ea  
wa te r ,  r e s u l t i n g  i n  a  cons iderab le  v e r t i c a l  s t a b i l i t y  of t h e  water  
column and a  corresponding i n h i b i t i o n  of v e r t i c a l  t u r b u l e n t  exchanges 
of  hea t  and s a l t .  What would be t h e  e f f e c t  on t he  A r c t i c  Ocean sea  
ice of a  c l ima te  change t h a t  g r e a t l y  changed t h e  flow of t h e s e  r i v e r s ?  
This  ques t i on  may be answered i f  t h e  Sov ie t s  c a r r y  ou t  t h e i r  proposed 
scheme of d i v e r t i n g  t he  flow of S i b e r i a n  r i v e r s  from n o r t h  t o  south .  .A 
coope ra t i ve  s tudy  wi th  t h e  Sov ie t s  of t h i s  ques t i on  should be 
undertaken.  (See paper by Norbert  U n t e r s t e i n e r ,  Volume 11.) 

Modelling. We need t o  cons ider  how t o  a c c e l e r a t e  progress  i n  
p r e d i c t i v e  s k i l l  of a  number of h igh ly  promising models,, i n t e g r a t e d  
wi th  t h e  development of g l o b a l  ocean-atmosphere i n t e r a c t i v e  models, a s  
p a r t  of a  comprehensive n a t i o n a l  plan.  Progress  i n  some a r e a s  is  
hampered by a  shor tage  of d a t a ,  but t h e r e  appears  t o  be no sho r t age  of 
i d e a s .  Access t o  computers t o  ..test and develop them is  necessary .  

A sho r t age  of s c i e n t i f i c  manpower is t h e  most s e r i o u s  
c o n s t r a i n t  on Arc t i c  research .  Long-term funding and o t h e r  
i n c e n t i v e s  a r e  requi red  f o r  t he  formation of s t rong  s c i e n t i f i c  groups 
t h a t  w i l l  a t t r a c t  t a l e n t e d  young s c i e n t i s t s  t o  A r c t i c  r e sea rch  and 
o f f e r  them o p p o r t u n i t i e s  f o r  p ro fe s s iona l  advancement. 

P r i o r i t y  r e sea rch  involv ing  no r the rn  s e a  i c e  shou ld '  
concen t r a t e  on monitoring. Monitoring should aim t o  provide d a t a  on 
t h e  wind s t r e s s  f i e l d ;  hea t  exchange between ocean water  and sea  i c e ;  
and hea t  exchange between sea  i c e  and t h e  atmosphere. The d a t a  should 
have a  s u f f i c i e n t  s p a t i a l  r e s o l u t i o n  t o  provide u s e f u l  parameters  f o r  
a  dynamic s ea  i c e  model on s h o r t  and long time s c a l e s .  



PRIORITY RESEARCH: 

o Data Buoy Program. Air-dropped data buoys 
on sea ice could report atmospheric surface pressure, 
temperature (during the sunless time), and position 
(to about 1 kilometer accuracy, via the TIROS 
satellite). Air-dropped buoys on open water or thin 
ice would provide the same data as the buoys on sea 
ice, and add measurements of water temperature and 
salinity via 'a cable with temperature and conductivity 
sensors. Measurements from a network of 
upward-looking sonic devices to measure ablation and 
accretion at the ice bottom, combined with 
observations of the temperature gradient in the water 
near the ice bottom, can be used to determine the 
upward flux of heat in the ocean. 

o Fram Strait Water Exchange. Warm Atlgntic 
Ocean water flowing through the Fram Strait plays a 
major role in the heat budget of the Arctic Ocean. 
The existing program of monitoring the 
West-Spitsbergen Current can provide information about 
the largest component of the water, heat, and salt 
exchange between the Arctic Basin and the World Ocean. 
The addition of narrow beam, upward-looking sonic 
transducers to monitor the volume of ice export from 
the Arctic Basin would provide important .information. 

o Arctic Ocean Circulation. Establish the 
regional and temporal variability of the oceanic 
circulation and the formation of "arctic intermediate 
water." Time series of variations in the upper layers 
can be made using thermistor and salinometer strings 
on data buoys. The circulation of deep water masses 
can be inferred from tracers such as tritium, 
radioactive carbon, Freon, or DDT (whose input can be 
dated). Water samples and salinity and temperature 
profiles to the ocean bottom would also be important. 
Transects by a nuclear submarine could collect water 
samples for trace constituent analysis in a large 
horizontal survey of the shallow water (60-80 meters) 
chemical oceanography. In addition to water samples, 
the submarine could also operate its narrow beam, 
upward-looking sonar pro,filer to yield ice-thickness 
data. This would be particularly useful if transects 
were performed both during maximum ice thickness in 
the spring, and in summer at the start of freeze up. 
The data would provide a test of dynamic ice models. 



o Shelf-Land I n t e r a c t i o n s .  Research should 
examine t h e  oceanographic and c l i m a t o l o g i c a l  
s i g n i f i c a n c e  of land-sea i n t e r a c t i o n s  such a s  r i v e r  
i npu t  and mixing, and o t h e r  processes  which a f f e c t  t h e  
d e n s i t y  g r a d i e n t .  An expe r t  panel  could c o l l e c t  and 
e v a l u a t e  t h e  abundant Sovie t  l i t e r a t u r e  on t h i s  
s u b j e c t ;  recommend how t o  use t h e  d a t a  t o  advance 
r e sea rch ;  develop a plan t o  assemble p e r t i n e n t  
meteoro logica l  d a t a  and s a t e l l i t e  images, and t o  
acqu i r e  new d a t a  from buoys, s h i p s ,  and a i r c r a f t ;  and 
d e f i n e  and p r i o r i t i z e  a s e r i e s  of model and 
s e n s i t i v i t y  s t u d i e s .  

o Role of Sea I c e  i n  C 0 2  Uptake by t h e  Po la r  
Oceans. The e x i s t e n c e  and maenitude of t h e  e f f e c t  of - - - -~ -- - - ~- u 

s e a  i c e  on the  uptake and downward convect ion of C 0 2  
i n  po l a r  oceans shbuld be determined by measurement of 
C 0 2  i n  . t h e  a i r  and water i n  t h e  seasona l  sea  i c e  ' zone .. 

o F i e l d  Work i n  t h e  Seasonal Sea I c e  Zone. A 
l a r g e  i n t e r n a t i o n a l  e f f o r t  i s  needed t o  acqu i r e  d a t a  - 
by s h i p ,  a i r c r a f t ,  and s a t e l l i t e .  This  should . be - 
combined wi th  a n a l y s i s  of e x i s t i n g  d a t a  and t h e  
development of more s o p h i s t i c a t e d  models. The aim i s  
t o  understand and p r e d i c t  t he  behavior ,  i nc lud ing  
feedbacks t o  t he  g l o b a l  c l ima te  system, of t h i s  zone 
of vigorous i n t e r a c t i o n  between ocean, i c e ,  and 
atmosphere. 

Tundra, Taiga,  and ~ e r m a f  r o s t  

Recent d i s cus s ions  of g loba l  carbon balance have emphasized t h e  world 
d i s t r i b u t i o n  of biomass and i t s  signi,f  i c ance  i n  t h e  g loba l  carbon 
balance.  A t t en t ion  has focused on t h e  carbon budget of t h e  t r o p i c a l  
r a i n  f o r e s t  because of.  i t s  l a r g e  biomass and r ap id  r a t e  of 
e x p l o i t a t i o n .  Much l e s s  a t t e n t i o n  has been placed on ecosystems no r th  
of about 60 degrees .  which have low annual  p r o d u c t i v i t y  and low 
s t and ing  crops of .carbon above ground, but  have l a r g e  a r e a l  e x t e n t s ,  
massive accumulations of '  p e a t ,  and high s e n s i t i v i t i e s  t o  c l ima te  
change. Much of t h i s  a r e a  i s  unde r l a in  by permafros t ,  o r  p e r e n n i a l l y  
f rozen  ground, ranging i n  t h i cknes s  from l e s s  than a meter  t o  about 
1,000 meters .  General c i r c u l a t i o n  models of t h e  atmosphere i n d i c a t e  
t h a t  a rise i n  C 0 2  w i l l  cause t h e  g r e a t e s t  temperature  i n c r e a s e  a t  
l a t i t u d e s  above 60 t o  70 degrees  N,  t h e  zone of t und ra ,  t a i g a  (bo rea l  
c o n i f e r  f o r e s t ) ,  and permafrost .  , 

During t h e  l a s t  10,000. y e a r s ,  no r the rn  ecosystems have 
accumulated q u a n t i t i e s  of carbon i n  dead o rgan ic  ma t t e r  equa l  t o  about 
10  percent  of t h e  organic  carbon c u r r e n t l y  i n  world t e r r e s t r i a l  



ecosystems. Recent data also suggest that a quantity of carbon 
possibly equal to the amount in northern soils is incorporated in 
permafrost as methane hydrates (a hydrate is'a compound formed by the 
union of water with some other substance). 

The effect of climate change on carbon loss or accumulation 
rates in northern ecosystems and permafrost is poorly'known. More 
precise estimates are critical because if the carbon balance of 
terrestrial systems becomes negative with increased global 
temperature, increased carbon dioxide released into the atmosphere may 
have a positive feedback, hastening the projected global rise in 
temperatures. 

The effect of temperature on the carbon accumulation or loss 
rate is both direct, through the different temperature responses of 
photosynthesis and decomposition, and indirect, through the effects of 
temperature on soil thaw, exposure of buried peat layers, drainage and 
soil aeration, mineralization of limiting nutrients (usually nitrogen 
or phosphorus), and increased nutrient availability. Methane would be 
released upon melting of permafrost; the rate of melting would depend - on interactions of temperature and the insulating effect of 
vegetation. 

The impact of warmer temperature on the carbon accumulation or 
loss rate will be both direct, through the different temperature 
responses of photosynthesis and decomposition, and indirect, through 
the effects of higher temperature on thawing of frozen ground, 
exposure of buried peat layers, drainage and soil aeration, 
mineralization of limiting nutrients (usually nitrogen or 
phosphorous), and increased nutrient availability. Methane would be 
released upon melting of permafrost; the rate of melting would depend 
on interactions of a warmer atmosphere with the buried ice under the 
insulating effect of vegetation. 

International cooperation in research on C02 effects on 
tundra, taiga, and permafrost is essential ' and feasible. These 
circumpolar resources are held by a few developed nations: Canada, the 
U.S., the Soviet Union, Finland; the Scandinavian countries, and the 
United Kingdom. All have active polar research programs. There is 
good personal and scientific interchange among these programs, 
stemming from the high degree of international cooperation achieved by 
the Tundra Biome Project of the International Biological Program in 
the early 1970's. Strong efforts should be made to facilitate 
international cooperation in research on C02 effects in the far north. 
(See papers by Jerry Brown and John T. Andrews, and Philip C. Miller, 
Volume 11.) 



PRIORITY RESEARCH: 

o Monitoring Temperature Changes in and over 
the Permafrost. Deep-ground temperature measurements 
at drill holes which have been measured previously 
should be repeated periodically. New holes that 
become available through petroleum exploration, -and at 
additional sites, should. also be measured. Soil 
temperatures at a standard.depth in the active layer 
should be monitored routinely at weekly to monthly 
intervals. In Canada, these observations are made at 
airfields and weather stations. In Alaska, virtually 
no systematic measurements of soil temperature are, 
made. Closely associated with soil temperature 
measurements should be measurements of active layer 
thickness. Both kinds of observations need to be made 
on specific landscape elements which are likely to be , . -  

modified by climate change -- for example, south- and , 

. north-facing slopes in the taiga, and, areas with known 
' 

fire histories. 

o climatic ~nter~retations. Climatic 
variables used in estimating regional water and energy 
budgets, are solar radiation, air temperature, wind 
velocity, cloud cover,. humidity, and precipitation. 
The available records for a number of tundra and taiga 
stations on at least a monthly frequency need to be 
analyzed to determine how warm and cool interannual 
variations are correlated with other meteorological 
variables and conditions that exist simultaneously 
over a broad area. This perhaps could be carried out 
as part of the climatic data base project recommended 
in Section 111. 

Based upon increased understanding of 
climate-induced changes in the deep-ground 
temperatures and upon the correlation of 
climatological variables, simulation models of 
permafrost temperatures should be further refined and 
tested. These would provide simulations of ground 
temperature as surface atmospheric conditions change. 

There should also be a search for past climate 
analogues -- times in the past when the climate 
approximated the conditions that might occur in the 
early stages of a high-C02 world. It is recommended 
that detailed pollen 'investigations be undertaken in 
northern Alaska t~~determine climate change during the 
Holocene (about 12,000 years before the present). 
More work is now in progress throughout Alaska, but 
only a few studies have been undertaken on the North 
Slope. It appears that all the ingredients are 



a v a i l a b l e  f o r  a  d e t a i l e d  and comprehensive s t u d y  o f  
t h e  Holocene vegetation/pollen/climate changes  a l o n g  
t h e  same l i n e s  t h a t  have been used s u c c e s s f u l l y  i n  
a r c t i c  Canada. Such a  s t u d y  cou ld  e s t a b l i s h  ana logues  
f o r  some of t h e  c o n d i t i o n s  t h a t  might r e s u l t  from 
i n c r e a s i n g  a tmospher ic  C02. 

o  F i e l d  I n t e r p r e t a t i o n s .  P e a t  t h i c k n e s s  
shou ld  be c o r r e l a t e d  w i t h  v e g e t a t i o n  t y p e s  i n  bogs and 
o t h e r  ' p e a t  f o r m a t i o n s ,  e s p e c i a l l y  i n  s o u t h c e n t r a l  and 
w e s t e r n  Alaska where t h e y  a r e  more e x t e n s i v e  t h a n  i n  
i n t e r i o r  and n o r t h e r n  Alaska.  E x t r a p o l a t i o n s  u s i n g  
remote s e n s i n g  can t h e n  be a p p l i e d  f o r  r e c o n a i s s a n c e  

. s u r v e y s  of t h e  t o t a l  volume of p e a t  a t  d i f f e r e n t  
d e p t h s  i n  . the  pe rmaf ros t .  

D e t a i l e d  o b s e r v a t i o n s  over  a  10-20 y e a r  p e r i o d  
shou ld  be conducted on . r e p r e s e n t a t i v e  thaw l a k e s  t o  
d e t e r m i n e  t h e i r  growth and c o n t r a c t i o n  p a t t e r n s  as a 
f u n c t i o n  of p r e s e n t  c l i m a t i c  v a r i a t i o n s .  A s s o c i a t e d  
s t u d i e s  s l ~ o u l d  be c o ~ l d u c t e d  of t h e  l a k e s '  wa te r  
b a l a n c e . .  I n t e r p r e t a t i o n  of p r e s e n t  and h i s t o r i c a l  
thaw l a k e  ev idence  shou ld  p rov ide .  i n s i g h t  i n t o  
p e r m a f r o s t  m o d i f i c a t i o n s  r e s u l t i n g  from c l i m a t e  
change.  S i n c e  A r c t i c  l a k e s  are . p o t e n t i a l  carbon 
s i n k s ,  t h e i r  r e l a t i v e  importance t o  t h e  h i g h  l a t i t u d e  
ca rbon  c y c l e  s h o u l d . b e  e s t a b l i s h e d .  

o  ~ o r ' t h e r n  Animals. s t u d i e s  shou ld  be done 
r e g a r d i n g  a s p e c t s  of animal  and socioeconomic eco logy  
which w i l l  be p o t e n t i a l l y  impor tan t  p o l i t i c a l l y  w i t h  
C02-induced c l i m a t e  change.  B i o l o g i s t s ,  economis t s ,  
s o c i o l o g i s t s ,  and others .  should  i n v e s t i g a t e  t h e  

. e f f e c t s  of c l i m a t e  change on human i n t e r a c t i o n s  w i t h  
an imal  p o p u l a t i o n s ,  i n c l u d i n g  l a r g e  and small mammals, 
i n s e c t s ,  m i g r a t o r y  b i r d s ,  and o t h e r  an imals  which a r e  
impor tan t  f o r  s o c i a l ,  p o l i t i c a l ,  and economic r e a s o n s .  

o  E x t e n t  o f  F u t u r e  Oxida t ion  of Organic  Carbon 
i n  S o i l  and P e a t  D e p o s i t s .  and Re lease  o f  Methane i n  
P e r m a f r o s t .  S t u d i e s  shou ld  be under taken  t o  e s t i m a t e  
t h e  q u a n t i t y  o f  p r e s e n t l y  immobilized ca rbon  i n  
pe rmaf ros t  t h a t  might be r e l e a s e d  w i t h  r i s i n g  
t e m p e r a t u r e s .  The C02-induced. temperature  i n c r e a s e  is  
expec ted  t o  be s e v e r a l  t i m e s  g r e a t e r  a t  t h e  p o l e s  t h a n  
t h e  g l o b a l  a v e r a g e  i n c r e a s e .  The consequent  thawing 
o f  a r e a s  of pe rmaf ros t  w i l l  expose l a r g e  r e s e r v o i r s  of 
o r g a n i c  ca rbon  t o  o x i d a t i o n .  T h i s  may r e s u l t  i n  a  
p o s s i b l y  s i g n i f i c a n t  p o s i t i v e  feedback ,  i n c r e a s i n g  t h e  
amount of a tmospher ic  C02. S i m i l a r l y ,  t h e  thawing 
cou ld  a l s o  r e l e a s e  methane h y d r a t e s  now s e q u e s t e r e d  i n  



permaf ros t .  Under a p p r o p r i a t e  t e m p e r a t u r e s  and 
p r e s s u r e s ,  i c e  l a t t i c e s  can p h y s i c a l l y  t r a p  methane 
molecu les  wi thou t  fo rmat ion  of chemical  bonds. 
Mel t ing  could  r e l e a s e  a t  l e a s t  some of t h i s  ca rbon  t o  
t h e  atmosphere (some would remain i n .  l i q u i d  w a t e r ) .  
The ca rbon  i n  t h i s  s o u r c e ,  though . t h e  l e a s t  w e l l  
unders tood of t h e  l a r g e  ca rbon  r e s e r v o i r s ,  cou ld  . 

p o s s i b l y  exceed t h e  amount c u r r i n t l y  s t o r e d  , in  
n o r t h e r n  s o i l s . *  

Upper Ocean C i r c u l a t i o n  P a t t e r n s  

Models used t o  e s t i m a t e  t h e  c l i m a t i c  e f f e c t s  of i n c r e a s e d  a tmospher ic  
C02 do n o t  t a k e  i n t o  account  t h e  q u a s i - h o r i z o n t a l  c u r r e n t  motions of 
t h e  ocean w a t e r s .  The upper ocean h a s  a mixed l a y e r  a v e r a g i n g  about  
70 m e t e r s  deep which exchanges h e a t  and w a t e r  d i r e c t l y  w i t h  t h e  
a tmosphere .  Both t h e  box and d i f f u s i o n  models used t o  e s t i m a t e  t h e  
q u a n t i t y  of C02 t a k e n  up by t h e  ocean c o n s i d e r  o n l y  v e r t i c a l  d i f f u s i o n  
as a means of downward t r a n s p o r t  of C02, when a c t u a l l y  f o u r  o c e a n i c  
p r o c e s s e s  a r e  invo lved .  ?4easurements of t h e  o c e a n i c  d i s t r i b u t i o n  of 
t r i t i u m  produced by a tomic weapons t e s t s  i n  t h e  1 9 5 0 ' s  i n d i c a t e  t h e  , 

p r o c e s s e s  a r e :  1 )  downward v e r t i c a l  d i f f u s i o n  w i t h i n  t h e  mixed l a y e r  . 
and a c r o s s  u n d e r l y i n g  d e n s i t y  l a y e r s ;  2 )  h o r i z o n t a l  d i f f u s i o n  w i t h i n  
l a y e r s  of r e l a t i v e l y  c o n s t a n t  d e n s i t y ;  and 3 )  convect ' ive o v e r t u r n i n g  
o f  c o l d  s u r f a c e  and deep w a t e r s  i n  h i g h  l a t i t u d e s ;  and ,  4 )  a d v e c t i v e  
mot ions  a l o n g  e q u a l - d e n s i t y  s u r f a c e s .  It would be expec ted  t h a t  
C02-induced warming of t h e  lower atmosphere would a f f e c t  a l l  f o u r  
p r o c e s s e s .  

Another impor tan t  q u e s t i o n  concern ing  t h e  e f f e c t  of c l i m a t e  
change on t h e  oceans  i n v o l v e s  h e a t  t r a n s p o r t .  By o b s e r v i n g  r a d i a t i o n  
b a l a n c e s  a t  t h e  t o p  of t h e  a tmosphere ,  t h e  t o t a l  amount of h e a t  
t r a n s p o r t e d  from low t o  h i g h  l a t i t u d e s  h a s  been f a i r l y  w e l l  
de te rmined .  But c o n s i d e r a b l e  u n c e r t a i n t y  e x i s t s  concern ing  t h e  
r e l a t i v e  r o l e s  of t h e  ocean and t h e  a tmosphere  i n  t h i s  h e a t  t r a n s p o r t .  
U n t i l  t h e  q u a n t i t y  of h e a t  t r a n s p o r t e d  by t h e  ocean i s  b e t t e r  
unders tood ,  models of t h e  c l i m a t e  changes  r e s u l t i n g  from i n c r e a s e d  
a tmospher ic  C02 w i l l  be u n c e r t a i n .  

One promising analogue f o r  ocean c i r c u l a t i o n  s t u d i e s  i s  t h e  
s o - c a l l e d  A l t i t h e r m a l  o r  Hyps i the rmal ,  a p e r i o d  5 ,000  t o  8 ,000  y e a r s  
ago when a v e r a g e . a t m o s p h e r i c  t e m p e r a t u r e s  were perhaps  more t h a n  one 

*Kei th  A. Krenvolden and Mark A. McMenamin, "Hydrates  of N a t u r a l  Gas: 
A Review of T h e i r  ~ e o l o ~ i c a l  Occurrence." U .  S. Geo log ica l  Survey.  
C i r c u l a r  825, iii p l u s  1 7  pages ,  1980. 



d e g r e e  C. warmer t h a n  a t  p r e s e n t .  Recent ev idence  from a n a l y s e s  o f  
i c e  c o r e s  from Greenland aAd A n t a r c t i c a  i n d i c a t e s  t h a t  a tmospher ic  C02 
l e v e l s  d u r i n g  t h e  A l t i t h e r m a l  may .have been h i g h e r  t h a n  c u r r e n t  
l e v e l s .  C a r e f u l  s t u d i e s  of p e l a g i c  (ocean s u r f a c e )  organisms i n  ocean 
sed iments  d e p o s i t e d  d u r i n g  t h e  A l t i t h e r m a l  could  p rov ide  impor tan t  
i n f o r m a t i o n  .about  p o s s i b l e  changes  i n  upper-ocean c i r c u l a t i o n  
p a t t e r n s .  (See paper by Michael McCartney and Henry Lansford ,  Volume 
1 1 . )  

PRIORITY RESEARCH: 

L o Mechanisms and ~ y r l a l ~ l i c s  of ' U ~ v e r  Ocean ' .  
C i r c u l a t i o n  P a t t e r n s .  D e t a i l e d  s t u d i e s  of t h e  
mechanisms .and dynamics of t h e  major upper ocean 
c i r c u l a t i o n  p a t t e r n s  under p r e s e n t  c o n d i t i o n s  shou ld  
p r o v i d e  g r e a k e r  u n d e r s t a n d i n g  of t h e  n a t u r e  and 
d i r e c t i o n  of f u t u r e  -changes  induced by r i s i n g  l e v e l s  
o f  a tmospher ic  C02. T h i s  r e s e a r c h  should f o c u s  i n .  
p a r t i c u l a r  on t h e  v e r t i c a l  mixing a c r o s s  t h e  w i n t e r  
t h e r m o c l i n e  i n  h i g h  l a t i t u d e s  t o  de te rmine  how t h e s e  
processes ,  v a r y  from y e a r  t o  year  under t h e  i n f l u e n c e  
o f  p r e s e n t  i n t e r a n n u a l  c l i m a t i c  v a r i a t i o n s .  (A 
t h e r m o c l i n e  i s  a  l a y e r  of water ,  between t h e  warmer, 
s u r f a c e  zone and t h e  c o l d e r ,  deep-water zone.)  Also ,  
b e t t e r  measurements a r e  needed of t h e  r a t e s  of mixing 
and a d v e c t i o n  a long  s u r f a c e s  of c o n s t a n t  d e n s i t y  
( i s o p y c n a l  s u r f a c e s )  '-- b o t h  t h o s e  t h a t  o u t c r o p  a t  
h i g h  l a t i t u d e s  and t h o s e  formed by mixing a c r o s s  o r  
w i t h i n  t h e  the rmocl ine .  A v a r i e t y  of chemical  t r a c e r s  
c a n  be used i n  t h e s e  s t u d i e s ,  i n c l u d i n g  t r i t i u m ,  14c, 
r a d i o a c t i v e  ces ium,  and nonc.onservat ive  t r a c e r s  such  
a s  oxygen and C02. 

o Heat T r a n s p o r t .  An qxperiment be ing  planned 
by t h e  ICSUIUNESCO Committee on Cl imate  Change and t h e  
Ocean t o  measure t h e  m e r i d i o n a l  h e a t  t r a n s p o r t  i n  t h e  
North  A t l a n t i c  between t h e  l a t i t u d e s  of 20 and 40 
d e g r e e s  N ("Cage" exper iment )  shou ld  r e s u l t  i n  a much 
improved e s t i m a t e  of t h e  poleward t r a n s p o r t  of h e a t  by 
ocean w a t e r s  and t h e  mechanisms by which t h i s  o c c u r s .  
It should be suppor ted .  u l t i m a t e l y ,  i t  could  l e a d  t o  
a  marked improvement i n  g e n e r a l  c i r c u l a t i o n  models of 
c l i m a t e  and t h e  p o t e n t i a l  a l t e r a t i o n s  r e s u l t i n g  from 
changing boundary c o n d i t i o n s  such  as h i g h e r  
a tmospher ic  C02 c o n t e n t .  T h i s  r e s e a r c h  w i l l  r e q u i r e  
i n t e r n a t i o n a l  c o o p e r a t i o n  and s u p p o r t .  

o  ~ l t i t h e r m a l  Ocean Sediments .  The 180/160 
r a t i o s  i n  t h e  sh"e .11~  of p e l a g i c  organisms found i n  
sed iments  d e p o s i t e d  d u r i n g  t h e  A l t i t h e r m a l  shou ld  g i v e  



d e t a i l e d  information on t h e  geographica l  d i s t r i b u t i o n  
of changes i n  subsur face  ocean ' temperatures and 
c i r c u l a t i o n .  Some c o r e s  a l r e a d y  c o l l e c t e d  by the  Deep 
Sea . D r i l l i n g  P r o j e c t  can be used f o r  t h i s  purpose. 
However, t h e  r e s o l u t i o n  of t h e s e * c o r e s  i s  low i n  most 
c a s e s  because o f  "b io tu rba t ion"  caused by 
bottom-dwelling, organisms and a l s o  because t h e  
d r i l l i n g  process  tends  t o  d i s t u r b  t he  sediment.  
Attempts should be made us ing  o t h e r  co r ing  means, such 
a s  t he  "p i s ton  co re r "  r e c e n t l y  developed i n  t h e  Deep 
Sea D r i l l i n g  P r o j e c t ,  t o  o b t a i n  c o r e s  wi th  b e t t e r  
r e s o l u t i o n ,  p a r t i c u l a r l y  i n  a r e a s  of anaerobic  bottom 
cond i t i ons  where annual ' l a y e r s  a r e  preserved.  S t u d i e s  
of t he se  annual l a y e r s  could g ive  very  important  c l u e s  
concerning the  i n t e r annua l  v a r i a b i l i t y  of c l ima te  
under cond i t i ons  of h igher  atmospheric C02. s t u d i e s  
of  varves  ( p a i r s  of s i l t  o r  c l a y  l a y e r s  be l ieved  t o  
correspond t o  annual cyc l e s  of depos i t i on )  i n  
undis turbed  l ake  sediments should be combined wi th  
s t u d i e s  of c l ima te  d a t a  from t r e e  r i n g s  t o  g ive  
f u r t h e r  knowledge concerning r eg iona l  c l ima te s  dur ing  
t h e  A l t i t he rma l .  

o  Work should be supported t o  determine 
whether increased  p r e c i p i t a t i o n  ' ( and  presumably 
i nc reased  runo f f )  might a f f e c t  t h e  s eques t e r ing  of 
r iver -borne  car.bon on c o n t i n e n t a l  she lves .  (See paper 
by Charles  Coutant ,  Volume 11.) 

Marine Biota  

An inc rease  i n  atmospheric C02 would have both direct-and i n d i r e c t  
e f f e c t s  on marine organisms -- d i r e c t  e f f e c t s  through t h e  i n c r e a s e  i n  
d i s so lved  C02 i n  t he  subsur face  ocean water  ana i n d i r e c t  e f f e c t s  
through the  warming of t h e  atmosphere and t h e  ocean. 

A warming of t h e  atmosphere and the  s u r f a c e  ocean l a y e r s  could 
r e s u l t  i n  an i nc rease  i n  t he  v e r t i c a l  s t a b i l i t y  of ocean waters  i n  o r  
j u s t  below. t h e  euphot ic  zone and t h i s  i n  t u r n  might a f f e c t  t h e  
d i s t r i b u t i o n  of n u t r i e n t s  f o r  phytoplankton. 

The inc rease  i n  d i s so lved  carbon d iox ide  i n  a r e a s  such a s  some 
e s t u a r i e s  and o f f sho re  waters  where o t h e r  n u t r i e n t s  a r e  abundant could 
r e s u l t  i n  an i nc rease  i n  t he  ne t  primary product ion of phytoplankton. 
A f o u r f o l d  i nc rease  i n  atmospheric carbon d iox ide  would b r ing  -about a  
decrease  i n  t he  pH of s u r f a c e  seawater  from i t s  c u r r e n t  average l e v e l  
of 8.1 t o  about 7 .5 ,  and t h e  concen t r a t i on  of carbonate  ion  would be 
s i g n i f i c a n t l y  lowered. Photosynthes i s  i n  phytoplankton fo l lows  t h e  C 3  
biochemical p a t t e r n  i n  which both photosynthes i s  and p h o t o r e s p i r a t i o n  



occur during the hours of sunlight. In general, 
photorespiration as well as photosynthesis in C plants are relatively 
sensitive to the concentration of C02 in their environment. Various 
groups of phytoplankton .organisms may respond differently to C02 
increases depending on the levels of phosphate and other nutrients 
present. Thus a higher environmental C02 concentration may alter the 
composition of the phytoplankton community, with a' consequent 
alterat'io'n in th'e oceanic. food web .and therefore of the populations of 
fish and other organisms useful to'humans. (A simple food web usually 
results in a higher production of harvestible organisms relative to 
primary photoplankton production.) 

Another important issue regarding the effects of rising 
atmospheric C02 levels on marine life involves the rate of 
sedimentation of both land-derived and marine organic carbon on 
continental shelves and the processes by which this material is 
removed from the shelves into the deeper ocean. Some scientists have 
contended that the annual removal of organic carbon from the water 
columc~ on the continental shelves may correspond to as much as one 
billion tons of carbon per year, which would represent a significant 
part of the overall carbon flux. Carbon from rivers enters the marine 
environment in estuaries as elemental carbon from fires and dissolved 
and partidulate organic matter. The basic question is how much of the 
organic carbon is oxidized in nearshore and offshore waters. New means 
to trace river carbon from land through estuaries to the open ocean 
and sediments' are required. How refractory is this material on' 
entering the sea? What is its probable turnover time and the 
likelihood of burial? 

The higher concentration of dissolved carbon dioxide and the 
accompanying lower pH and carbonate ion concentration in tropical 
subsurface ocean,waters could lower the rates of deposition of calcium 
carbonate in reef-building. corals and coralline algae. This effect 
might be partially counteracted by somewhat higher water temperatures, 
and by increased photosynthetic production of the symbiotic 
zooanthellae of the coral organisms. Controlled experiments on the 
growth of reef-building organisms at different temperatures at C02 
partial pressure could help to resolve this question. (For further 
information,. see paper by Osmund Holm-Hansen, Volume 11.) 

PRIORITY RESEARCH 

o Changes in the Stability of the Water 
' Column. An important question involves whether 
primary production would be affected by decreased 
upwelling .and greater water-column stability. At 
higher latitudes, biological production is limited 
primarily by the amount of radiant energy, and at 
lower latitudes primarily by nutrient supply. The 



pred ic t ed  ~02- induced  c l ima te  change may a l t e r  ocean 
dynamics such a s  upwelling. A s  a  gene ra l  p r e d i c t i o n ;  
one would expect  product ion a t  h igher  l a t i t u d e s  t o  
i n c r e a s e  and a t  lower l a t i t u d e s  t o  decrease .  Of 
p a r t i c u l a r  i n t e r e s t  i n  t h i s  connect ion a r e :  a )  
one-dimensional o r  two-dimensional t h e o r e t i c a l  s t u d i e s  
of thy upper t u rbu len t  boundary l a y e r ,  p a r t i c u l a r l y  of 
seasona l  changes; h)  theoreti.ca1. s t l1d j .e~  o f  t h e  
e f f e c t s  of mixed l a y e r  processes  on primary and 
secondary product ion,  emphasizing n u t r i e n t  t r a n s p o r t  
by seasona l  entrainment  ( t h e  t r a n s p o r t  of n u t r i e n t s  i n  
c u r r e n t s ) ;  c )  a n a l y s i s  of e x i s t i n g  and new d a t a  t o  
o b t a i n  a  g loba l  d e s c r i p t i o n  of seasona l  changes i n  
mixed l a y e r  .depths ,  euphot ic  dep ths ,  and depth of t h e  
n u t r a c l i n e  ( a r e a  of water wi th  r a p i d l y  i nc reas ing  
l e v e l s  of n u t r i e n t s ) ,  so a s  t o  p r e d i c t  t he  s e n s i t i v i t y  
of p lanktonic  ecosystems t o  changes i n  hea t  t r a n s p o r t  
a t  the t u rbu len t  boundary l a y e r ;  d)  s t u d i e s  of s ea  
s u ~ f a c e  temperature  and c o l o r ,  v i a  remote sens ing ,  
which can d e t e c t  c l i m a t i c a l l y  induced r eg iona l  s h i f t s  
i n  product ion;  e )  experiments t o  examine the  r a t e s  of 
ammonification and n i t r i f i c a t i o n  i n  t he  s ea ,  and . t he  
response of bac te r iop lankton  t o  c l ima te  change; and f )  
examinat ions of pa l eon to log ica l  records  such a s  
phospha t i t e  d e p o s i t s  a s  an analogue of t h e  b i o l o g i c a l  
e f f e c t s  of changes i n  upwelling. 

An a d d i t i o n a l  a r e a  of i n q u i r y  involves  t h e  
e f f e c t  of increased  water-column s t a b i l i t y  on t h e  
r e l a t i o n  between primary product ion and t h e  r a t e  of 
i npu t  of o rganic  carbon t o  t he  benthos.  Two methods 
of . address ing  t h i s  ques t i on  a r e :  a )  use 15~ i - ,  
l a b e l l e d  s u b s t r a t e s  t o  measure t he  f l u x  of n i t r o g e n  
through ammonia, n i t r a t e ,  n i t r i t b ,  e t c . ,  a s  r e l a t e d  t o  
primary product ion;  and b) use of p a r t i c l e  i n t e r c e p t o r  
t r a p s  a t  va r ious  depths  t o  measure t h e  amount of 
o rganic  ma t t e r  descending i n  t h e  water column a s  a  
f u n c t i o n  of t h e  n u t r i e n t  s t a t u s  'of t he  euphot ic  zone. 

o  primary Product ion i n  Phytoplankton and 
Increased  C02. Would increased  C02 l e v e l s  
s i g n i f i c a n t l y  a f f e c t  t he  r a t e  .of primary product ion  i n  
t h e  marine environment? The e f f e c t s  of h igher  C02 
concen t r a t i ons  on r a t e s  of photosynthes i s  and 
pho to re sp i r a t i on  of d i f f e r e n t  groups of phytoplankton 
should be s t u d i e d ,  both i n  l a b o r a t o r y  c u l t u r e s  and 
ocean "microcosms" ( l a r g e  t r a n s p a r e n t  enc losures , ,  
suspended a t  d i f f e r e n t  dep ths  i n  t h e  euphot ic  zone, 
which con ta in  l o c a l  plankton communities). 



o  pH Levels  . and  Phytoplankton, Zooplankton, 
and F i sh  Larvae. How would lowered pH a f f e c t  t he  
chemical a c t i v i t y  of inorganic  and o rgan ic  s o l u t e s  
which in f luence  the  marine b i o t a ?  Laboratory and 
ocean-microcosm experiments  should be undertaken t o  
determine the  e f f e c t s  on marine l i f e  of lower pH 
l e v e l s  caused by r i s i n g  atmospheric C 0 2  
concen t r a t i ons .  S tud i e s  should focus on 
phytoplankton,  zooplankton,  and f i s h  l a rvae .  

Chemical a c t i v i t i e s  of d i s so lved  subs tances  i n  
s ea  water should be s t u d i e d  t o  understand the  chemical 
s t a t e  and a c t i v i t y  of t he  most important  n u t r i e n t s ,  
and b i o l o g i c a l l y  a c t i v e  c o n s t i t u e n t s  t r a c e  inc luding  
d i r e c t  physical-chemical s tudy  of i o n i c  s p e c i e s ,  
complexation r e a c t i o n s ,  l i gand  binding c o n s t a n t s ,  e t c .  
a t  d i f f e r e n t .  pH l e v e l s .  

Would a  pH decrease  of 0.5 u n i t s  have 
s i g n i f i c a n t  e f f e c t s  on p l a n t  o r  animal c e l l s ?  
Laboratory and c o n t r o l l e d  f i e l d  s t u d i e s  should 
i n v e s t i g a t e :  a )  biochemical/enzymatic s t a t e s  of  
i s o l a t e d  enzyme" systems from r e p r e s e n t a t i v e  marine 
p l a n t s  and animals;  b) membrane-bound t r a n s p o r t '  
systems,  p a r t i c u l a r l y  those  maintained by 
l ight-mediated e l e c t r o n  t r a n s p o r t  i n  marine f l o r a ;  c )  
s e n s i t i v i t y  ( u n d e r . c o n t r o l l e d  cond i t i ons )  t o  change i n  
C02 and pH of r e p r e s e n t a t i v e  marine zooplankton, 
i n v e r t e b r a t e s ,  and f i s h  l a r v a e ;  and d)  t he  long-term 
e f f e c t s  of lowkred pH on macrophytes and benth ic  
communities, wi th  s p e c i a l  a t t e n t i o n  t o  changes i n  
r e s p i r a t o r y  and photosynthe t ic  r a t e s  and p o s s i b l e  
r e s u l t a n t  s h i f t s  i n  community s t r u c t u r e .  
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Many, though by no means a l l ,  o f  t h e  e f f e c t s  on s o c i e t y  o f  i n c r e a s i n g  
a tmospher ic  C02 w i l l  r e s u l t  from changes  i n  t e r r e s t r i a l  b i o l o g i c a l  
r e s o u r c e s  used by man. These i n c l u d e  food ,  f e e d ,  f i b e r ,  and energy  
c r o p s ,  food a n i m a l s ,  r a n g e  and f o r a g e  c r o p s ,  f o r e s t s ,  f i s h e r i e s ,  and 
w i l d l i f e .  Impor tan t  e s t h e t i c ,  r e c r e a t i o n a l ,  and ameni ty  r e s o u r c e s  
w i l l  a l s o  be a f f e c t e d .  

There  a r e  two c a t e g o r i e s  o f '  b i o l o g i c a l  r esponse  t o  i n c r e a s e d  
C02. The f i r s t  i s  a  d i r e c t  e f f e c t .  C02 i s  e s s e n t i a l  f o r  
p h o t o s y n t h e s i s  and p l a n t  growth.  Indeed ,  i t  is, sometimes t h e  l i m i t i n g  
f a c t o r ;  C02 f e r t i l i z a t i o n  qf c r o p s  grown i n  g reenhouses  is  a  common 
means of i n c r e a s i n g  p r o d u c t i o n .  The d i r e c t  b i o l o g i c a l  e f f e c t  o f  a n  
i n c r e a s e  i n  a tmospher ic  C02 i s  expec ted  .to be n e u t r a l  o r  b e n e f i c i a l ,  
a t  l e a s t  w i t h  r e s p e c t  t o  p l a n t s .  Harmful e f f e c t s  of C02 on b i o l o g i c a l  
p r o c e s s e s  of h i g h e r  p l a n t s  a r e  a p p a r e n t  o n l y  when i t s  c o n c e n t r a t i o n  
exceeds  about  1 ,000 ppm -- t h r e e  t imes  t,he p r e s e n t  l e v e l .  E f f e c t s  on 
a n i m a l s  a r e  somewhat more p r o b l e m a t i c a l  and may r e q u i r e  a d d i t i o n a l  
i n v e s t i g a t i o n .  .Any a d v e r s e  e f f e c t s  are expec ted  t o  be s m a l l  -- 
perhaps  n e a r  t h e  l i m i t s  of d e t e c t i o n .  

The o t h e r  e f f e c t  i s  , . c l i m a t e  change.  .The g e n e r a l  p r o j e c t e d  
t r e n d  w i l l  be a  warming, but  some p laces ,  could  g e t  c o o l e r .  R a i n f a l l  
w i l l  p robab ly  i n c r e a s e  worldwide,  b u t  some r e g i o n s  may become d r i e r  a s  
c l i m a t i c  b e l t s  s h i f t  poleward.  p row in^ spasons  i n  t empera te  zones  
w i l l  be extended.  P r o d u c t i v i t y  o f  a g r i c u l t u r e ,  f o r e s t r y ,  and o t h e r  
b i o l o g i c a l  r e s o u r c e s  w i l l  be i n c r e a s e d  in ,some r e g i o n s ,  and reduced i n  
o t h e r s .  . . 

The urgency of r e s e a r c h  on b i o l o g i c a l  e f f e c t s ' o f  C02 i n c r e a s e s  
a r i s e s  from t h e  p o t e n t i a l  f o r  b o t h  good and harm. We need t o  l e a r n  
how t o  e x p l o i t  t h e  p o t e n t i a l  b e n e f i t s ,  and a l l e v i a t e  a d v e r s e  e f f e c t s .  
There  i s  a l s o  a  need t o  p lan  f o r  s o c i e t a l  and i n s t i t u t i o n a l  r e s p o n s e s  
t o  b i o l o g i c a l  change. F i n a l l y ,  we need t o  p o i n t  t h e  way t o  t h e  
f u t u r e ,  even i f  t h e r e  can be no o rgan ized  response .  

A p a r t i c u l a r l y  v u l n e r a b l e  a r e a  of t h e  world i s  t h e  t r o p i c s .  
High ly  popula ted  less-developed c o u n t r i e s  i n  b o t h  t h e  semi-ar id  
t r o p i c s  and r e g i o n s  w i t h  abundant r a i n f a l l  o f t e n  have m a r g i n a l  
a g r i c u l t u r a l  sys tems.  C02-induced t empera tu re  i n c r e a s e s  w i l l  p robab ly  
n o t  r e s u l t  i n  a  s i g n i f i c a n t  d e c l i n e  i n  a g r i c u l t u r a l  p r o d u c t i o n  i n  
e q u a t o r i a l  r e g i o n s .  Many c o u n t r i e s ,  however, a r e  a l r e a d y  m a r g i n a l  i n  
p r e c i p i t a t i o n ,  and major s h i f t s  i n  r a i n f a l l  p a t t e r n s  cou ld  have e i t h e r  
i m p o r t a n t  d e t r i m e n t a l  o r  b e n e f i c i a l  e f f e c t s  on food p r o d u c t i o n .  
Research  shou ld  pay s p e c i a l  a t t e n t i o n  t o  t h e  needs  of t h e  T h i r d  World. 
(For  a  f u r t h e r  d i s c u s s i o n ,  s e e  paper by Lloyd S l a t e r ,  Volume 11.) 



Recommendations. f o r  r e s e a r c h  f a l l  i n t o .  t h r e e  broad c a t e g o r i e s :  
d i r e c t  b i o l o g i c a l  e f f e c t s  of i n c r e a s e d  a tmospher ic -C02  on p l a n t s ;  
c l i m a t i c  e f f e c t s  on c u l t i v a t e d  a g r i c u l t u r e ;  and c l i m a t i c  impac t s  on 
n o n c u l t i v a t e d  renewable  r e s o u r c e s .  There  i s  no s h a r p  d i v i s i o n  i n  
r e s e a r c h  o p p o r t u n i t i e s  among t h e s e  c a t e g o r i e s ,  p a r t i c u l a r l ' y  t h e  l a s t  
two. 

A. D i r e c t  B i o l o g i c a l  E f f e c t s  of I n c r e a s e d  Atmospheric C02 on P l a n t s  

There  a r e  major q u e s t i o n s  abou t  t h e  d i r e c t  b i o l o g i c a l  e f f e c t s  of  
e l e v a t e d  l e v e l s  of  a tmospher ic  C02 on a g r i c u l t u r a l  c r o p s ,  p e s t s ,  
f o r e s t s ,  mar ine  and f r e s h w a t e r  p l a n t s  ( s e e  a l s o  Marine B i o t a ,  S e c t i o n  
I ) ,  r a n g e l a n d s  s p e c i e s ,  and microorganisms.  The wide-ranging impac t s  
o f  t h e  C02 phenomenon makes i t  a n  i s s u e  of  g l o b a l  s i g n i f i c a n c e .  It 
r e l a t e s  d i r e c t l y  t o  o p t i m i z a t i o n  of  t h e  p r o d u c t i v i t y  of  a g r i c u l t u r e ,  
r a n g e l a n d s ,  and f o r e s t s  and f i s h e r i e s  -- a l l  renewable  r e s o u r c e s .  

C u r r e n t  r e s e a r c h  on t h e  d i r e c t  e f f e c t s  of  C02 on p l a n t  l i f e  i s  
whol ly  i n a d e q u a t e ;  a  major new r e s e a r c h  program must be i n i t i a t e d .  
T h i s  program shou ld  a d d r e s s  t o p i c s  such  a s  t h e  f e r t i l i z a t i o n  e f f e c t s  
of  e l e v a t e d  l e v e l s  of a tmospher ic  C02 under  f i e l d  c o n d i t i o n s ;  t h e  
e f f e c t s  on p h o t o s y n t h e s i s ,  biomass p r o d u c t i o n ,  y i e l d ,  h a r v e s t  i n d e x ,  
c r o p  m a t u r i t y ,  and water-use e f f i c i e n c y .  The r e s p o n s e  of  p l a n t s  
exposed t o  h i g h e r  l e v e l s  of  C02 i n  combina t ion  w i t h  d i f f e r e n t  k i n d s  of  
s t r e s s e s  shou ld  r e c e i v e  s p e c i a l  a t t e n t i o n .  These s t r e s s e s  i n c l u d e  
t h o s e  caused by a i r  p o l l u t i o n ,  m o i s t u r e  d e f i c i e n c i e s ,  t e m p e r a t u r e s ,  
m i n e r a l  n u t r i e n t  d e f i c i e n c i e s ,  and p e s t s .  Resea rch  shou ld  c o n s i d e r  
t h r e e  p r i n c i p a l  q u e s t i o n s :  1) How w i l l  b i o l o g i c a l  p r o c e s s e s  such  a s  
p h o t o s y n t h e s i s ,  n i t r o g e n  f i x a t i o n ,  t r a n s p i r a t i o n ,  and r e p r o d u c t i v e  
development respond t o  a  u n i d i r e c t i o n a l  i n c r e a s e  i n  a tmospher ic  C02? 
2 )  Can g e n e t i c  t y p e s  be developed t o  t a k e  b e t t e r  advan tage  of  , C 0 2  
f e r t i l i z a t i o n ?  And 3 )  How can management p r a c t i c e s  be  a l t e r e d  t o  
make use of  h i g h e r  c o n c e n t r a t i o n s  of  a tmospher ic  C02? Also i m p o r t a n t  
i s  t h e  e x t e n t  t o  which t h e  compos i t ion  of  m u l t i s p e c i e s  n o n c u l t i v a t e d  
ecosystems w i l l  change s i g n i f i c a n t l y  i n  r e s p o n s e  t o  t h e  d i f f e r e n t i a l  
e f f e c t s  of  C02 f e r t i l i z a t i o n . .  

An i n t e g r a t e d  r e s e a r c h  t o  s t u d y  t h e  d i r e c t  b i o l o g i c a l  
e f f e c t s  o f  r i s i n g  C02 l e v e l s  on p l a n t s  cou ld  t a k e  between 10 and 20 
y e a r s .  S c i e n t i s t s  r e p r e s e n t i n g  a  wide  v a r i e t y  o f  d i s c i p l i n e s  shou ld  
be invo lved  from t h e  beg inn ing  i n  p l a n n i n g  t h e  program and i n  
s e l e c t i o n  of s p e c i f i c  r e s e a r c h  p r o j e c t s .  These s c i e n t i s t s  shou ld  come 
b o t h  from i n d u s t r i a l i z e d  and l e s s -deve loped  c o u n t r i e s .  It i s  
recommended a s  a  t o p  p r i o r i t y  t h a t  a n  i n t e r n a t i o n a l  c o n f e r e n c e  be h e l d  
a s  t h e  f i r s t  s t e p  i n  p l a n n i n g  t h e  o v e r a l l  program. 

During t h e  program's  p l a n n i n g  s t a g e s ,  however, l i m i t e d  
s p e c i f i c  r e s e a r c h  programs shou ld  be under taken .  These would 
d e t e r m i n e  t h e  r e s p o n s e s  of g e n e t i c  v a r i a n t s  of food ,  f o r e s t ,  r a n g e ,  
weed s p e c i e s ,  and w a t e r  s p e c i e s  bo th  t o  e l e v a t e d  l e v e l s  of  C02 and t o  
d i f f e r e n t  env i ronmenta l  stresses. 



PRIORITY .RESEARCH: 

o International Conference on the Biological 
Effects of C02 on Plants. The U.S. Department of 

, Energy, in collaboration with other concerned agencies -. 

and organizations, should sponsor a working conference 
with approximately 200 participating scientists to 
establish research imperatives and recommendations for 
a program dealing with the direct biological effects 
of elevated.CO2 levels on plant life. Among the 
participants, to be drawn from many countries, should 
be crop-production scientists, foresters, ecologists, 
microbiologists, marine biologists, plant 
physiologists, biochemists, engineers, specialists in 
plant protection, sociologists, economists, 
anthropologists, and political scientists; Seven or 
eight working groups should be established dealing 
with marine biota, grazinglands and range, forest 
ecosystems and productivity, freshwater ecosystems, 
soil microbiology, agricultural productivity, 
water-use .efficiency, and weeds. The water-use 
efficiency group might be combined with the one on 
agricultural productivity. Special at tention should 
be given to the vulnerabilities of agricultural crops 
in Third World countries. 

Chairmen or co-chairmen .of the working groups 
(probably scientists already conducting research on 
C02 effects) together with a conference ,steering 
committee, should.select conference participants and 
members of working groups. The commissioned papers 
(Vol-ume 11) might serve as initial working documents 
for the working groups. 

The conference should last five days, with an 
agenda of working group and plenary sessions. 
Rapporteurs should be identified for each working 
group and there should be an editor for the conference 
proceedings or some other kind of report of the 
meeting. The proceedings, along with a precise listing 
o f recommendations for high-priority research 
projects, methodologies, and recommended funding 
levels, should be published within three months of the 
conference. Expenses of participants should be 
covered, with honoraria to chairmen of the working 
groups and a few other key 'participants. 

OTHER PRIORITY RESEARCH 

o Differential Responses of Plant Variants. 
Studies should be funded of differential biological 
responses (photosynthesis, nitrogen fixation where 
applicable, transpiration, reproductive development, 



t r a n s l o c a t i o n ,  ha rves t  index)  t o  h igh  l e v e l s  of C02 on 
g e n e t i c  v a r i a n t s  of major food, f o r e s t ,  range,  and 
weed spec i e s .  ' These responses  should inc lude  
experiments  wi th  s e e d l i n g s  i n  c o n t r o l l e d  
environments.  Food-crop groups t o  be s t u d i e d  should 
i nc lude :  wheat, ba r l ey ,  r i c e ,  maize,  sorghum, 
soybeans,  p o t a t o ,  sweet po t a to ,  peanuts ,  bananas,  and 
cassava .  The major f o r e s t  s p e c i e s  t o  be examined 
should be. Douglas f i r  ( P a c i f i c  Northwest) ,  l o b l o l l y  
p ine  (Sou theas t ) ,  aspen (Lake S t a t e s ) ,  euca lyp tus ,  and 
a  v a r i e t y  of f a s t  growing t r e e s  wi th  symbio t ic  
n i rogen- f ix ing  b a c t e r i a ,  such a s  Casuarina,  Acacia,  
Leucaena and Sesbania ( t r o p i c s ) ,  and Norway spruce  o r  
beech ( ~ u r o ~ e ) . ~ a j o r  weed s p e c i e s  should be 
represen ted  by pu r s l ane ,  red r o o t  pigweed, and Johnson 
and quack g r a s s e s .  (See paper by D.N. . Baker, L.H. 
A l l en ,  Jr . ,  and J.R. Lambert, Volume 11.) 

o P l a n t s ,  C02, and Environmerlt'al S t r e s s e s .  An 
inventory  of t he  responses  of major food, f o r e s t ,  ' 

range ,  and weed s p e c i e s  grown under c o n d i t i o n s  o f ' h i g h  
C02, coupled wi th  environmental s t r e s s e s  i nc lud ing  a i r  
p o l l u t a n t s ,  nu t r ien t -poor  . s o i l s ,  d e l e t e r i o u s  
concen t r a t i ons  of t o x i c  e l emen t s '  o r  excess  s a l t ,  
mois ture  d e f i c i e n c i e s ,  and h igh  tempera tures  i s  an 
important  r e sea rch  p r o j e c t .  I n i t i a l  r e sea rch  should 
be performed on seed l ings  grown i n  c o n t r o l l e d  
environments.  This  work should be followed by 
r e sea rch  on whole l i f e  cyc l e s .  S t u d i e s  on the  major 
a g r i c u l t u r a l  f o r e s t r y  and food c rops  should be given 
p r i o r i t y .  A g r i c u l t u r a l  crops would i nc lude  r i c e ,  
wheat,  maize,  p o t a t o ,  sorghum, soybeans,  c o t t o n ,  sweet 
p o t a t o e s ,  cassava ,  and sugar c rops .  Equal ly  important  
a r e  s t u d i e s  on the  major f o r e s t  s p e c i e s ,  Douglas f i r ,  
l o b l o l l y  p ine ,  pop la r ,  euca lyp tus ,  Acacia ,  Casuarina,  
Leucaena, Norway spruce ,  and beech. The r e sea rch  
should be coord ina ted  c l o s e l y  w i th  t h e  r e sea rch  
s u g g e s t i o n s .  dea l ing .  wi th  a l l e v i a t i o n  of environmental 
s t r e s s e s  on renewable resource  p r o d u c t i v i t y .  (See 

1 paper by Gordon -S. Howell, Volume 11. ) 

o Water-Use ' Ef f  i c l e n c i e s  . We need t o  
determine how water-use e f f i c i e n c i e s  of p l a n t s  a r e  
modified under va r ious  l e v e l s  o f !  a tmospheric  C02. 
Se l ec t ed  C3 and C4* food c rops ,  f o i e s t  t r e e  s p e c i e s ,  

* C i  and C I  r e f e r  t o  a l t e r n a t i v e  g e n e t i c a l l y  determined biochemical 
pafhways 'of C02 a s s i m i l a t i o n  i n  photosynthes i s .  P l a n t s  having these  . 

d i f f e r e n t  metabol ic  pathways tend t o  have d i f f e r e n t  responses  t o  C02, 
l i g h t ,  and o t h e r  environmental f a c t o r s .  A t h i r d  pathway, c a l l e d  CAM, 
occu r s  i n  some succulen t  p l a n t s .  C3 p l a n t s ,  i n  g e n e r a l ,  show a  marked 
response t o  e l eva t ed  l e v e l s  of a tmospheric  C02. 



and range and weed s p e c i e s  shou ld  be used i n  t h e  
exper iments .  Crop water-use e f f i c i e n c y  can  have a  
major  impact on a g r i c u l t u r a l  growing seasons .  Thi's i s  
p a r t i c u l a r l y  t r u e  i n  t h e  t r o p i c s  and s u b t r o p i c s .  
Work i n  t h i s  a r e a  should be c l o s e l y  r e l a t e d  t o  
r e s e a r c h  on growing seasons .  (See  paper  by James 
Newman, Volume 11 . )  

o  Microb io ta  and Microorganisms. S t u d i e s  
shou ld  be performed on t h e  e f f e c t s  of e l e v a t e d  
a tmospher ic  C02 l e v e l s  on s o i l  and w a t e r  
microorganisms.  I n i t i a l  r e s e a r c h  shou ld  f o c u s  on 
mycorrhizae  and t h e  b i o l o g i c a l  n i t r o g e n  f i x e r s  
(Rhizob ia ,  a c t i n o m y c e t e s ,  ~ ~ i r i l l u m ,  Anabaena) . These 
organisms should be s t u d i e d  i n  combinat ion w i t h  t h e i r  
h o s t  s p e c i e s .  

[The above four r e s e a r c h  a r e a s  shou ld  be 
c a r e f u l l y  c o o r d i n a t e d .  T a c t i c a l  d e t a i l s  o f  t h e  
r e s e a r c h  e f f o r t  must be d e f i n e d  by r e s e a r c h  
s p e c i a l i s t s  s u b m i t t i n g  formal  p r o p o s a l s .  R e s u l t s  of 
t h e s e  p r e l i m i n a r y  o r  i n i t i a l  s t u d i e s  would p r o v i d e  a  
p a r t i a l  d a t a  base  f o r  t h e  i n t e r n a t i o n a l  working 
c o n f e r e n c e  recommended above.]  

o  Response o f  Noncu l t iva ted  Ecosystems t o  C02 
Enrichment.  A g r i c u l t u r a l  c r o p s  i n  t h e  U.S. and some 
o t h e r  i n d u s t r i a l i z e d  c o u n t r i e s  a r e  managed p r i m a r i l y  
a s  monocul tures .  Hence a l l  i n d i v i d u a l s  i n  a s t a n d  
w i l l  respond s i m i l a r l y  t o  C02 f e r t i l i z a t i o n ,  a l t h o u g h  
some g e n e t i c  v a r i a n t s  may be favored .  Noncu l t iva ted  
ecosys tems ,  w i t h  t h e i r  many s p e c i e s ,  may respond 
d i f f e r e n t l y  t o  C02. Early-growing, cool-season p l a n t s  
a r e  g e n e r a l l y  more r e s p o n s i v e  t h a n  t h o s e  s p e c i e s  which 
make t h e i r  pr imary growth i n  summer. The a tmospher ic  
c o n c e n t r a t i o n  of C02 d i f f e r e n t i a l l y  a f f e c t s  s e e d l i n g  
emergence among s p e c i e s .  These d i f f e r e n t i a l  r e s p o n s e s  
may l e a d  t o  changes i n  s p e c i e s  compos i t ion  i n  f o r e s t  
and r a n g e l a n d s .  T h i s  cou ld  i n  t u r n  l e a d  t o  changes  i n  
w i l d l i f e  abundance. We a l s o  need t o  de te rmine  t h e  
l e v e l s  of ambient C02 under  f i e l d  c o n d i t i o n s .  E x a c t l y  
what l e v e l s  a r e  p l a n t s  responding  t o  now? Do t h e s e  
l e v e l s  d i f f e r  f o r  d i f f e r e n t  r e g i o n s ?  What a r e  t h e  
l e v e l s  of a tmospher ic  C02 o v e r  t h e  U.S. c o r n  and wheat 
b e l t s  d u r i n g  e a r l y  summer, o r ,  f o r  example,  of t h e  
Amazon b a s i n  i n  t h e  t r o p i c s ?  

M u l t i s p e c i e s  i n t e r a c t i o n s  a r e  o n l y  p a r t l y  
amenable t o  l a b o r a t o r y  r e s e a r c h .  There  w i l l  have t o  
be  heavy r e l i a n c e  on ecosystem s i m u l a t i o n  models and 
f i e l d  s t u d i e s  of ecosystems.  The same approaches  w i l l  



be needed f o r  p r e d i c t i n g  responses  of noncu l t i va t ed  
ecosystems t o  c l ima te  change. Ecosystem s t u d i e s  t o  
a s s e s s  p o t e n t i a 1 , e f f e c t s  of c l i m a t i c  change should 
e x p l i c i t l y  cons ider  d i r e c t  e f f e c t s  of C02 enhancement 
on s p e c i e s  composition and o the r  e c o l o g i c a l  . 

c h a r a c t e r i s t i c s .  (See paper by Boyd S t r a i n ,  Volume 
11.)  

o  S t imula t ion  of Aquatic P r o d u c t i v i t y  by 
Addi t iona l  C02. Even l e s s .  i s  known of s t i m u l a t i o n  of 
a q u a t i c  p r o d u c t i v i t y  by i n c r e a s e s  i n  d i s so lved  C02, 
than of CO2 s t i m u l a t i o n  of c rop  p l a n t s .  There i s  a  . ,  

cont roversy  whether carbon o r  phosphorus i s  t h e  
primary l i m i t i n g  n u t r i e n t  i n  a q u a t i c  systems. Water 
hyac in ths ,  however, have shown a 40 percent  i n c r e a s e  
i n  product ion from atmospheric C02 of 1000. ppm. Rice 
i s  a l s o  very respons ive .  There i s  no s i n g l e  answer. 
I f  t h e r e  i s  s i g n i f i c a n t  s t i m u l a t i o n  of a q u a t i c  
p r o d u c t i v i t y  from C02 . i n c r e a s e  t h e r e  could be 
s u b s t a n t i a l  economic gains from enhanced f i s h  
product ion  (and the  p o s s i b i l i t y  of some l o s s e s  because 
of increased  l ake  e u t r o p h i c a t i o n ) .  

The l i t e r a t u r e  on s t i m u l a t i o n  of a g r i c u l t u r a l  
p r o d u c t i v i t y  by enhanced C02 i s  not  matched by s i m i l a r  
q u a n t i t a t i v e  s t u d i e s  of f reshwater  plankton and 
macrophytes. The confounding e f f e c t s  of pH change and 
carbonate  water chemistry a r e  poorly known. This  
in format ion  i s  necessary  f o r  accu ra t e  p r e d i c t i o n s  of 
a q u a t i c  f i x a t i o n  of  carbon a s  atmospheric C02 
i n c r e a s e s .  

I f  most a q u a t i c  product ion i s  phosphate l i m i t e d ,  
t h e  impact of increased  C02 may be minor. On the  
o t h e r  hand, anthropogenic  n u t r i e n t s  may be expected t o  
i n c r e a s e  i n  t h e  f u t u r e ,  perhaps l ead ing  t o  carbon 
l i m i t a t i o n  i n  many waters .  Lake surveys such a s  t h e  
Nat iona l  Eut rophica t ion  Network should be s c r u t i n i z e d  
f o r  i nc ip i . en t  carbon l i m i t a t i o n s .  Laboratory and 
c o n t r o l l e d  ecosystem - r e s e a r c h  is  needed t o  q u a n t i f y  
t h e  product ion inc reases  t h a t  could be expected from 
enrichment of a i r  'w i th  C02. Experiments should be 
conducted with va r ious  l e v e l s  of phosphorus t o  
approximate n a t u r a l  waters .  Laboratory s t u d i e s  of C02 
enrichment a t  d i f f e r e n t  l e v e l s  of n u t r i e n t s  and o t h e r  
f a c t o r s ,  followed by l a rge r - sca l e  pond o r  channel 
s t u d i e s ,  would appear t o  be a  d e s i r a b l e  q u a n t i t a t i v e  
approach. Modelling of a q u a t i c  product ion should be 
used t o  e l u c i d a t e  t h e  r o l e  of carbon a v a i l a b i l i t y  i n  
a q u a t i c  product ion.  (See paper by Charles  Coutant ,  
Volume 11.)  



B i o l o p i c a l  Moni to r ing  

Model l ing e n a b l e s  p r e d i c t i o n  of t h e  consequences  of c l i m a t e  change on 
ecosys tems .  B i o l o g i c a l  m o n i t o r i n g ,  on t h e  o t h e r  hand, p e r m i t s  t h e  
e v a l u a t i o n  of  model p r e d i c t i o n s  and i d e n t i f i c a t i o n  of b i o l o g i c a l  
r e s p o n s e s  t o  c l i m a t e  change., c a r e f u l l y  p lanned m o n i t o r i n g  exper iments  
a r e  no l e s s  i m p o r t a n t  f o r  u n d e r s t a n d i n g  t h e  i m p l i c a t i o n s  of  r i s i n g  C02 
l e v e l s  t h a n  wel l -des igned mathemat ica l  mode1.s o r  f i e l d  r e s e a r c h .  

Much.of t h e  needed m o n i t o r i n g  f o r  b i o g e o g r a p h i c a l  r e s e a r c h  can  
b e  performed by u t i l i z i n g  and s t r e n g t h e n i n g  e x i s t i n g  ne tworks ,  
i n c l u d i n g  UNESCO's Biosphere  Rese rves  Program, t h e  U.S. F o r e s t  
S e r v i c e ' s  Cont inuous  F o r e s t  I n v e n t o r y  (CFI) program, and t h e  n a t i o n a l  
r e s o u r c e  l a n d s  i n v e n t o r y  program a d m i n i s t e r e d  by t h e  U.S. Bureau of  
Land Management. CFI d a t a ,  f o r  example,  have been used t o  a s s e s s  t h e  
s t a t e  of  f o r e s t s  v i s -a -v i s  t imber  p r o d u c t s . .  The t r e n d  toward 
m u l t i - r e s o u r c e  i n v e n t o r i e s  i s  making CFI d a t a  i n c r e a s i n g l y  v a l u a b l e  
f o r  g e n e r a l  e c o l o g i c a l  m o n i t o r i n g  t h a t  can  be  used i n  a d d r e s s i n g  
C02-induced c l i m a t e  e f f e c t s  . . 

PRIORITY RESEARCH 

o  Moni to r ing  Program. A h i e r a r c h i c a l  program 
shou ld  be e s t a b l i s h e d  t o  moni to r  t h e  b i o l o g i c a l  
e f f e c t s  of  i n c r e a s i n g  l e v e l s  o f  a tmospher ic  ca rbon  
d i o x i d e  on ecosystems.  The program would r e l y  on t h e  
F o r e s t  S e r v i c e ' s  Cont inuous  F o r e s t  I n v e n t o r y  and t h e  
Bureau of  Land Management's i n v e n t o r y  o f  n a t u r a l  
r e s o u r c e s  t o  e s t a b l i s h  g e n e r a l  l e v e l s .  The 
i n t e r m e d i a t e  l e v e l  would c o n s i s t  of  UNESCO's Biosphere  
Rese rves  Program. And t h e  f i n a l  l e v e l  o f  t h e  
m o n i t o r i n g  program would c o n s i s t  of s i t e s  a t  f o r e s t  
e c o t o n e s  and c o r e  r e g i o n s  s p e c i a l l y  chosen t o  s t u d y  
r e l a t i o n s h i p s  between f o r e s t s  and c l i m a t i c  changes .  
Implementing t h i s  program may r e q u i r e  i n t e r a g e n c y  
c o o r d i n a t i o n  s t i m u l a t e d  by t h e  Department of  Energy.  

B. C l i m a t i c  E f f e c t s  on C u l t i v a t e d  A g r i c u l t u r a l  Growinn Seasons  

C l i m a t i c  warming caused by i n c r e a s i n g  amounts of  a tmospher ic  C02 cou ld  
have l a r g e  e f f e c t s  on t h e  growing s e a s o n s  of  c r o p  and f o r e s t  s p e c i e s .  
I f  t h i s  o c c u r s ,  i t  cou ld  c a u s e  d i s l o c a t i o n s ,  i n  a g r i c u l t u r e  and 
f o r e s t r y  i n  many r e g i o n s  of  t h e  world .  I n  t h e  Uni ted  S t a t e s ,  f o r  
example,  i t  h a s  been e s t i m a t e d  t h a t  f o r  each 1°C t e m p e r a t u r e  r ise,  t h e  
c o r n  b e l t  would s h i f t  approx imate ly  175 k i l o m e t e r s  , n o r t h e a s t .  
S i m i l a r  d i s l o c a t i o n s  cou ld  a f f e c t  most m a j o r , f o o d  and o i l - s e e d  c r o p s  
and commercial  f o r e s t  s p e c i e s .  For many c r o p  r e g i o n s ,  t h e  l e n g t h  of  
t h e  f r o s t - f r e e  growing s e a s o n  o r  t h e  p e r i o d  w i t h  t e m p e r a t u r e s  above 
some minimum a r e  a t  l e a s t  a s  i m p o r t a n t  a s  t h e  s e a s o n a l  mean 
t e m p e r a t y r e .  
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PRIORITY RESEARCH: 

o  A g r i c u l t u r a l  Growing Seasons and Climate 
Change. -- Using h i s t o r i c  c l ima te  d a t a ,  an assessment 
should be made of e x p e c t e d . e f f e c t s  of c l ima te  change . - 

on a g r i c u l t u r a l  growing seasons i n  temperate and 
t r o p i c a l ,  semi-arid and humid, and developed and 
less-developed regions.  Modelling techniques  should 
be developed t o  s imula te  changes i n  growing seasons 
f o r  va r ious  g ra in -be l t  a r e a s  and range and f o r e s t  
r eg ions .  Simulat ions should be based on a  range of 
e s t ima ted  temperature  and p r e c i p i t a t i o n  changes i n  
p a r t i c u l a r  reg ions  because of i nc reas ing  C02 l e v e l s .  
Areas t o  r e c e i v e ' p a r t i c u l a r  a t t e n t i o n  should be t h e  
corn  and soybean b e l t  and win te r 'whea t  b e l t  i n  North 
America, Afr ican  and South American t r o p i c a l  
range lands ,  and t r o p i c a l  r a i n  f o r e s t s .  (Temperature 
changes i n  t h e  t r o p i c s  a r e  expected t o  be l e s s  t h a n a t  
h ighe r  . l a t i t u d e s . )  The e f f e c t s  on major food,  g r a i n ,  
o i l - s eed ,  and s p e c i a l t y  c rops  r ep re sen t ing  both C3 and 
Cq types  should be s tud i ed .  The assessment should 
g i v e  p a r t i c u l a r  . a t t e n t i o n  t o  pos s ib l e  s h i f t s  i n  
boundaries  of crop r eg ions ,  w i th  t h e i r  imp l i ca t i on  f o r  
s o c i a l  change. (See paper .by James Newman, Volume 
11 . )  

A l l e v i a t i o n  of Environmental S t r e s s  on Renewable Resource P r o d u c t i v i t y  

R i s ing  l e v e l s  of atmospheric C02 and accompanying pro jec ted  c l ima te  
changes w i l l  induce environmental s t r e s s  i n  many p l a n t s .  Also, p l a n t s  
vary  g r e a t l y  i n  t h e i r  responsiveness  t o  C02 f e r t ' i l i z a t i o n .  This  w i l l  
l i k e l y  r e s u l t  i n  favor ing  some a t  t he  expense of o t h e r s .  Warmer 
tempera tures ,  more o r  l e s s  r a in fa l l . ,  and changes i n  s o i l  n u t r i e n t s ,  a t  
a l l  l e v e l s ,  w i l l  produce s t r e s s .  P l a n t s  have always encountered 
c l i m a t i c  s t r e s s ,  but now f o r  the  f i r s t  time t h e  s t r e s s e s ,  both 
b i o l o g i c a l  and envir'onmental, a r e  expected t o  be worldwide and 
u n i d i r e c t i o n a l .  

Research on a l l e v i a t i o n  of c l ima te  s t r e s s  f o r  food and f i b e r  
c rops  and o t h e r  renewable resource  product ion such a s  f o r e s t s  and 
rangelands i s  important  whether a  C02-induced c l ima te  change occurs  o r  
no t .  Unfor tuna te ly ,  l i t t l e  r e sea rch  i s  c u r r e n t l y  being supported on 
s t r e s s  physiology of renewable resou$ces. This  i s  p a r t i c u l a r l y  t r u e  
i n  t he  semi-arid t r o p i c s  of many less-developed c o u n t r i e s .  Research 
on a l l e v i a t i o n  of c l i m a t i c  s t r e s s  i s  a l s o  l ack ing  i n  developed 
c o u n t r i e s  wi th  advanced r e sea rch  e s t ab l i shmen t s .  I n  t h e  United 
S t a t e s ,  r e sea rch  on s t r e s s  physiology i s  now excluded from the  
Department of A g r i c u l t u r e ' s  compet i t ive  g ran t  program i n  p l a n t  and 
animal r e sou rces .  



The significance of the impact of climatic stress on 
agricultural crop production induced by higher than normal 
temperatures accompanied by a lack of rainfall was manifested during 
the summer of 1980 in much of the U.S. corn belt, the Mississippi 
Delta and Texas and Arkansas. The composite index of crop yields fell 
by 18 percent with production sharply down from 1979 levels for corn, 
sorghum, soybeans, feed grains and potatoes. 

Heat and water .stresses are the chief concern, but low 
temperature stress is also important. ~tmospheric pollutants, 
especially oxidants, are also an increasingly serious source of 
stress. Particularly important is the interaction of these pollutants 
with heat, moisture, and C02 fertilization. Stresses from unfavorable 
soil and nutrient levels, and alkalinity and excess salts, could also 
be increased through climate change. 

There are two principal ways to reduce environmental stress in 
crop productivity -- genetic improvement which results in greater 
adaptability, and crop management techniques which make best use of 
the genetic potential. Research aimed at partially alleviating the 
crop-yield reduction from environmental stress needs to proceed in 
parallel along three lines: 1) expansion of the knowledge base; 2) 
breeding for adaptation to temperature, water, soil nutrients, and 
oxidant stresses; and 3) development of production management systems 
which maximize genotypic resistance to environmental stress. (See 
paper by Gordon S. Howell, Volume 11.) 

PRIORITY RESEARCH (in order of importance): 

o Basic Biology . of Plant Response and 
Resistance to Environmental Stresses. There is an 
ongoing need for research on the fundamental 
mechanisms by which environmental stresses 
disadvantage some plants while other plants can 
tolerate such stresses. An understanding of these 
mechanisms, their costs, and how they function must be 
developed. It is important that the interactions of 
C02 with stress be studied in detail. Will rising 
levels of C02 help counteract the effects of oxidants 
and other air pollutants? What is the precise 
relationship between the results of C02 fertilization 
and the effects of moisture or nutrient stress? 
Research in this field should proceed at all levels, 
from biochemical to whole-plant responses. 

Important to this effort is improvement in 
measurements -- both local and area-wide -- o f 
moisture status in the plant and soil. The 
availability of such a capability is essential to 
evaluate the multiple impacts of alterations in 



temperature  and r a i n f a l l .  Recent advances i n  t he  use 
of  microwave and infrared,s_ensing a t  va r ious  h e i g h t s  
from the  ground t o  s a t e l l i t e s ,  have revea led  a  g r e a t  
p o t e n t i a l  f o r  more p r e c i s e  measurements of s o i l  
mois ture  s t r e s s e s ;  Much a d d i t i o n a l  work wi th  emphasis 
on the  o b j e c t i v e s  and needs of t h e  C02 r e sea rch  
program should be i n i t i a t e d .  Techniques and 
in s t rumen ta t i on  requirements  should be emphasized. 

There a r e  c r i t i c a l  s t a g e s ,  such a s  dur ing  
f lower ing  and seed formation,  i n  t he  development of 
a l l  p l a n t s  when they a r e  p a r t i c u l a r l y  s e n s i t i v e  t o  
mois ture ,  and high- and low-temperature stresses. 
(There may be s i m i l a r  s e n s i t i v i t i e s  t o  e l eva t ed  l e v e l s  
of atmospheric C02. ) ~ ~ r o n o m i c ~ ,  h o r t i c u l t u r a l ,  and 
f o r e s t  s p e c i a l i s t s  should endeavor t o  d e f i n e  t h e s e  
pe r iods ,  eva lua t e  t h e i r  s e n s i t i v i t y  t o  varying degrees  
and d u r a t i o n  of s t r e s s ,  and, a s s e s s  t he  phys io log i ca l  
and y i e l d  impacts.  

o  Genet ic  Manipulation t o  Improve t h e  
Res is tance  of Crop P l a n t s  t o  Temperature and Water 
S t r e s s e s .  A g r e a t  p o t e n t i a l  e x i s t s  w i t h i n  t h e  germ - - 
plasm pool of economically important  s p e c i e s  f o r  
c h a r a c t e r i s t i c s  t h a t  s t r eng then  p l a n t  r e s i s t a n c e  t o  
extremes of water and temperature  s t r e s s .  Major food 
c rops ,  such a s  maize,  po t a toes ,  and soybeans,  should 
be s e l e c t e d  t o :  1) i d e n t i f y  t h e  phys io log i ca l  t r a i t s  
of  g e n e t i c  va lue  t o  s t r e s s  r e s i s t a n c e ;  2) develop 
workable sc reen ing  t o o l s  f o r  use i n  breeding programs; 
3 )  conduct germ plasm surveys t o  d e t e c t  p o t e n t i a l  
paren t  m a t e r i a l  wi th  the  r e s i s t a n t  c h a r a c t e r i s t i c s ;  
and 4 )  i n i t i a t e  plant-breeding e f f o r t s  t h a t  
i nco rpo ra t e  t he se  c h a r a c t e r i . 8 t i . c ~  i .nto e x i s t i n g  
breeding l i n e s .  (A t t en t ion  should be d i r e c t e d  t o  
development of halophytes  -- s a l t  t o l e r a n t  p l a n t s . )  

o  Broadening the  Optimum P r o d u c t i v i t y  Range 
f o r  Crops. Crop-yield models and c l i m a t i c  p r o b a b i l i t y  
~ - 

i n p u t s  f o r  temperature  and moisture  can be e f f e c t i v e l y  
used i n  r i s k  a n a l y s i s .  This  w i l l  a i d  i n  t h e  
development of a g r i c u l t u r a l  product ion systems t h a t  
minimize year- to-year v a r i a t i o n  under temperature  and 
mois ture  s t r e s s e s .  Agr i cu l tu re  has tended t o  develop 
c rop  management systems which maximize y i e l d s  under 
i d e a l  c l i m a t i c  cond i t i ons .  Unfor tuna te ly ,  c l i m a t i c  
v a r i a b i l i t y  r e s u l t s  i n  h igh ly  v a r i a b l e  y i e l d s  wi th  
such systems. An a n a l y s i s  is  needed of t h e  optimum 
range of product ion f o r  agronomic and h o r t i c u l t u r a l  
c rops .  The e f f o r t  should aim a t  maximizing y i e l d s  
over  a  r e l a t i v e l y  long per iod (e .g . ,  10 y e a r s ) .  



This  program should be i n t e g r a t e d  wi th  s o c i a l  s c i ence  
r e sea rch  programs on ways t o  speed the  a d a p t a t i o n  t o  r : new technologies  and new c l i m a t i c  cond i t i ons  ( s e e  
Sec t ion  111) .  P a r t i c u l a r l y  p e r t i n e n t ' i s  e v a l u a t i o n  of 
t h e  e x t e n t  t o  which fa rmers  i n  d i f f e r e n t  s o c i a l  and 
economic s e t t i n g s  : a r e  " r i s k  averse"  o r  " p r o f i t  
maxiulixers . " 

o Spec i a l  Problems of Woody Pe renn ia l s .  F r u i t  
and nut  t r e e s  and o t h e r  c u l t i v a t e d  woody p e r e n n i a l s  
have unique problems dur ing  c l i m a t i c  s h i f t s  because of 
t h e i r  l ongev i ty  i n  a  s p e c i f i c  a r e a .  The key 
phys io log i ca l  and s t r u c t u r a l  f e a t u r e s  of s t r e s s  
r e s i s t a n t  s p e c i e s  and c u l t i v a r s  should be i d e n t i f i e d .  
Th i s  w i l l  g ive  i n s i g h t  t o  p o t e n t i a l  impacts of 
temperature  and mois ture  stress and ' how t o  manage 
these  systems t o  modify o r  even t ake  advantage of 
c l i m a t i c  s h i f t s .  The environmental p recondi t ion ing  
r e spons ib l e  f o r  co ld  o r  hea t  a d a p t a b i l i t y  should a l s o  
be determined. This  r e sea rch  would a l s o  be r e l e v a n t  
t o  managed f o r e s t s .  

C02-Induced Climate Change and I t s  E f f e c t s  on P l a n t  P r o t e c t i o n  

P l a n t  p e s t s  -- weeds, i n s e c t s ,  nematodes, and p l a n t  d i s e a s e s  -- 
i n f l i c t  s u b s t a n t i a l  l o s s e s  on t h e  wor ld ' s  major food c rops ,  f o r e s t s ,  
and rangelands.  Many p e s t s  w i l l  qu i ck ly  adapt  t o  C02-induced c l ima te  
changes,  e s p e c i a l l y  t o  those changes t h a t  r e s u l t  i n  h ighe r  
tempera tures .  Other p e s t s  t h a t  may t h r i v e  under changing c l i m a t i c  
cond i t i ons  i nc lude  those t h a t  a r e  p a r t i c u l a r l y  noxious t o  people  and 
l i v e s t o c k .  These may inc lude  f i r e  a n t s ,  and many i n s e c t s  t h a t  spread 
human and animal d i s e a s e s .  (See paper by Dean IIaynes, Volume 11 . )  

Many p e s t s  a r e  c u r r e n t l y  developing r e s i s t a n c e  t o  chemical 
p e s t i c i d e s  and o the r  pest-management techniques .  Th i s  emphasizes t h e  
importance of r e sea rch  on how t o  c o n t r o l  p e s t s  i n  a  high-C02 world.  
Among the  more promising r e sea rch  a r e a s  a r e  those  involv ing  i n t e g r a t e d  
pes t  management techniques .  

PRIORITY RESEARCH ( i n  o rde r  of importance) : 

o Weed Changes i n  Crop Competit ion. Some of 
t h e  wor ld ' s  most noxious weeds -- purs lane  (CAM and 
C 4 ) ,  red  roo t  pigweed (C3 ) , Johnson g r a s s  (C4), and 
quack g r a s s  (C3) -- w i l l  respond d i f f e r e n t i a l l y  t o  
C02, both p h o t o s y n t h e t i c a l l y  and c l i m a t i c a l l y . '  A 
s p e c i f i c  example i s  purs lane .  Globa l ly  i t  i s  t h e  
f o u r t h  most abundant noxious weed. It i s  a  succu len t  



r e s p o n s i v e  t o  h i g h  t e m p e r a t u r e s  and may a l t e r n a t e  i t s  
p h o t o s y n t h e t i c  pathway from CAM t o  C 4 . A r e s e a r c h  
p r o j e c t  should  s t u d y  th'e'responses of t h e s e  f o u r  weed 
s p e c i e s  t o  v a r y i n g  l e v e l s  of a tmospher ic  C02 and 
t e m p e r a t u r e .  T h i s  r e s e a r c h  w i l l  t a k e  abou t  f i v e  
y e a r s .  

o  P l a n t  D i s e a s e s  Which U t i l i z e  Stomata1 
Openings f o r  P e n e t r a t i o n  and Emergence. Some of t h e  
most s e r i o u ' s  p l a n t  d i s e a s e s  caused by f u n g i ,  such  a s  
wheat r u s t s ,  mildew, and p o t a t o  l a t e  b l i g h t ,  e n t e r  
o n l y  through t h e  l e a f  s t o m a t a ,  o r  th rough  t h e  l e a f  
c u t i c l e  and t h e n  s p o r u l a t e  . i n  t h e  s tomata .  Some 

. . -  p a r t i c u l a t e  a tmospher ic  p o l l u t a n t s  a l s o  e n t e r  o r  may 
c l o g  s t o m a t e s .  L i t t l e  is  known r e g a r d i n g  t h e  impact 
o f  h i g h  C02 on s tomata1  behav ior  and d i s e a s e  e n t r y .  
R e s e a r c h e r s  shou ld  s c r e e n  world l i t e r a t u r e  f o r  

. t e m p e r a t u r e  impacts  on s p o r u l a t i o n  and p e n e t r a t i o n  of 
d i s e a s e s  through o r  i d  s tomata .  Three  major c r o p s  
shou1.d be s t u d i e d :  wheat', p o t a t o ,  and r i c e .  

o  C02 and H y d r i l l a  v e r t i c u l a t a .  H y d r i l l a  i s  
r a p i d l y  becoming t h e  w o r l d ' s  most wide ly  d i s t r i b u t e d  
a q u a t i c  weed. It b l o c k s  i r r i g a t i o n  c a n a l s  and 
domina tes  many l a k e s ,  r i v e r s ,  and ponds. It a c t s  
a lmos t  a s  a n  a q u a t i c  p u r s l a n e .  Dense H y d r i l l a  can  
e x h a u s t  t h e  s o l u b l e  C02 i n  s h a l l o w  w a t e r s  w i t h i n  l e s s  
t h a n  h a l f  a  day,  l e a v i n g  a  C02-starved environment .  
Much more i n f o r m a t i o n  is needed a s  t o  t h e  d i r e c t  
e f f e c t s  of C02 on t h i s  weed. Also ,  some n o r t h e r n  
l a k e s  a r e  being p a r t i a l l y  s t e r i l i z e d  by a c i d  r a i n f a l l .  
Weeds l i k e  I I y d r i l l a  cou ld  m i g r a t e  nor thward ( o r  
southward)  w i t h  a  g l o b a l  warming. Both  t h e  
p h y s i o l o g i c a l  e f f e c t s  of C02 and c l i m a t i c  e f f e c t s  i n  
t h e  growth and d i s t r i b u t i o n  of H y d r i l l a  need s t u d y .  

o  I n s e c t  and Nematode P e s t s .  Research t o  a i d  
i n  management and c o n t r o l  of t h e s e  p e s t s  i n  t h e  f a c e  
o f  expec ted  c l i m a t i c  changes  shou ld  emphasize b o t h  
t h e o r e t i c a l  . and  mode l l ing  s t u d i e s  and e m p i r i c a l  f i e l d  
o b s e r v a t i o n s .  

Using e x i s t i n g  d a t a  and models of c e r e a l  l e a f  
b e e t l e  and f a l l  webworm p o p u l a t i o n s ,  r e s e a r c h  shou ld  
c o u p l e  a  p h y s i c a l  c l i m a t e  ,model w i t h  a , b i o l o g i c a l  
p e s t  model. T h i s  s i m u l a t i o n  model could  t h e n  be 
g e n e r a l i z e d a f o r  a  wide range  of o t h e r  p e s t s .  

The concept  o f  a n  economic t h r e s h o l d  i s  c r i t i c a l  
f o r  d e c i s i o n s  on pest-management programs. It would 
be  impor tan t  t o  p r e d i c t  p e s t  damage under i n c r e a s i n g  
C02 l e v e l s f  so  t h a t  d e c i s i o n 5  can be made on how and 

I .. 



when t o  p r o t e c t  a g a i n s t  p a r t i c u l a r  p e s t s .  The 
o b j e c t i v e  w i l l  be t o  expand the  economic t h r e sho ld  
concept of i n t e g r a t e d  c o n t r o l  t echniques  s o  t h a t  
s imu la t i ons  can be run wi th  v a r i a b l e  c l i m a t i c  
c o n d i t i o n s ,  such a s  r i s i n g  temperatures .  The r e sea rch  
should be v a l i d a t e d  wi th  two s e l e c t e d  c rop  systems. 

Many crop  p e s t s  a r e  l i k e l y  t o  be s i g n i f i c a n t l y  
a f f e c t e d  by c l ima te  change. For example, t h e r e  should 
be an eva lua t ion  of t h e  e f f e c t s  of e l eva t ed  s p r i n g  and 
f a l l  temperatures  on the  growth and development of 
cutworms and armyworms, p e s t s  t h a t  a r e  p a r t i c u l a r l y  
harmful t o  c o n s e r v a t i o n - t i l l e d  corn and wheat. High 
f a l l  temperatures  g r e a t l y  i n c r e a s e  t he  s i z e  of t h e  
overwin te r ing  army worms and high sp r ing  tempera tures  
may produce a d d i t i o n a l  gene ra t i ons .  

Root-knot nematodes a r e  another  example. They 
a r e  among the  10 most s i g n i f i c a n t  p e s t s  of food and 
f i b e r  c rops .  This  group causes  90 percent  of a l l  
nematode damage i n  t h e  world. The geographica l  
d i s t r i b u t i o n  of many s p e c i e s  i s  l i m i t e d  by 
temperature .  Root-knot nematode problems a r e  most 
s eve re  i n  warm c l ima te s .  The temperature  requirements  
t o  i nc rease  t he  number of gene ra t i ons  of s p e c i e s  of 
t h i s  nematode by one gene ra t i on  per year  should be 
determined. One can then a s s e s s  t h e  impact of a  
C02-induced temperature  i n c r e a s e  on t h e  s i g n i f i c a n c e  
of root-knot nematodes a s  p e s t s .  

The f i r e  a n t ,  an e x o t i c  p e s t ,  i s  now d i s t r i b u t e d  
a s  f a r  n o r t h  a s  North Caro l ina  and a s  f a r  west a s  
Lubbock, Texas. I ts  d i s t r i b u t i o n  i s  
temperature-dependent.  A p r o j e c t  should exp lo re  t h e  
impact of p ro j ec t ed  C02-induced temperature  changes on 
t h e  d i s t r i b u t i o n  and abundance of f i r e  a n t s .  The 
p r o j e c t  should use e x i s t i n g  population-dynamics d a t a  
t o  develop a  s imula t ion  model which would determine 
how t h e  range of f i r e  a n t s  might s h i f t  under h igher  
temperature  regimes. Other s p e c i e s  of a n t s  would a l s o  
be good i n d i c a t o r s  of c l ima te  change. This  p r o j e c t  
should br ing  toge the r  b i o l o g i s t s  and c l ima te  
model le rs ,  a  c o l l a b o r a t i o n  t h a t  should prove extremely 
u s e f u l .  

Agr i cu l tu re  i n  Developing Count r ies  

Many of t he  world 's  less-developed c o u n t r i e s  a r e  i n  t h e  t r o p i c s  o r  
s u b t r o p i c s .  Although c l ima te  change from increased  atmospheric  C02 i s  
expected t o  be l e s s  than i n  temperate l a t i t u d e s ,  s p e c i a l  problems and 
o p p o r t u n i t i e s  w i l l  l i k e l y  be - a s s o c i a t e d  wi th  those  changes. High 
temperatures  i n  a  t r o p i c a l  s e t t i n g  permit m u l t i p l e  cropping,  providing 
water  is  not  l i m i t i n g .  R e l a t i v e l y  s l i g h t  c l i m a t i c  s h i f t s  may i n c r e a s e  
o r  decrease  p o s s i b i l i t i e s  f o r  m u l t i p l e  cropping.  



I r r i g a t i o n  can a l l e v i a t e  c l ima te  s t r e s s  from a  l a c k  of water .  
Climate change may, however, a l t e r  t h e  q u a n t i t y  of water a v a i l a b l e  
from e x i s t i n g  and planned i r r i g a t i o n  systems. Research t o  develop 
b e t t e r  s i t e - s p e c i f i c  i r r i g a t i o n  techniques  and t o  t r a n s f e r  t he se  
techniques  t o  fa rmers  could extend the  water supply and inc rease  
a g r i c u l t u r a l  product ion i n  t he  t r o p i c s .  

Mul t i p l e  cropping of l and ,  a q u a t i c  polycropping wi th  a  v a r i e t y  
of  s p e c i e s ,  and management p r a c t i c e s  r e s u l t i n g  i n  a g r i c u l t u r a l  
d i v e r s i f i c a t i o n  can be a  bu f f e r  a g a i n s t  c l ima te  change , a s  wel l  a s  a  
means of i nc reas ing  product ion.  New combinations of c rops  and 
c u l t u r a l  p r a c t i c e s  should be designed so  they a r e  compatible  wi th  each 

, o t h e r  and u t i l i z e  t he  l a t e s t  i n p u t s  from p l an t  breeding ( i nc lud ing  
halophytes],  p l a n t  p r o t e c t i o n ,  t i l l a g e ,  s d i l  and water management, and 
o t h e r  . research a r e a s .  There should be r e sea rch  on animal product ion ,  
i nc lud ing  f ish-farming . ( a q u a c u l t u r e ) ,  i n  which c rop  by-products a r e  
f ed  t o  animals  and .  t h e  animal by-products recyc led  t o  provide p l an t  
n u t r i e n t s .  

Tree c rops  and o the r  pe renn ia l s  a r e  g e n e r a l l y  more t o l e r a n t  of 
c l i m a t i c  v a r i a b i l i t y  than  annuals .  Agrofores t ry  -- a  product ion 
system which endeavors t o  opt imize product ion by combining t r e e  
p e r e n n i a l s  wi th  o t h e r  p l a n t s  o r  animals  on the  same u n i t  of land -- i s  
one of t h e  most promising types  of m u l t i p l e  cropping i n  developing 
c o u n t r i e s .  It may h e l p  t o  meet growing demands f o r  food,  f i b e r ,  and 
firewood. Agrofores t ry  mimics t h e  n a t u r a l  f o r e s t  ecosystem i n  
prevent ing  l o s s  of s o i l  f e r t i l i t y  from leaching  and e ros ion .  This  i s  
e s p e c i a l l y  important  i n  developing c o u n t r i e s ,  where s o i l s  a r e  
predominantly poor and vulnerab le .  Research i n  a g r o f o r e s t r y  r e q u i r e s  
an  i n t e g r a t e d  approach; i n t e r a c t i o n s  among d i f f e r e n t  p l an t  s p e c i e s  a r e  
o f t e n  s i t e - s p e c i f i c ,  making i t  d i f f i c u l t  t o  g e n e r a l i z e .  Another 
c o n s t r a i n t  i s  t h a t  we now know only  a  few t r o p i c a l  p e r e n n i a l s  which 
can be recommended f o r  commercial p l an t ing  and t o  improve t h e  economic 
cond i t i ons  of r u r a l  popula t ions  i n  t h e  t r o p i c s .  (See paper by Lloyd 
S l a t e r ,  Volume 11.)  

PRIORITY RESEARCH 

o  P r o d u c t i v i t y  and R e s i l i e n c e  of Tropica l  
Agr i cu l tu re .  Research t o  improve a g r i c u l t u r a l  
p r o d u c t i v i t y  i n  t h e  t r o p i c s  and s u b t r o p i c s  i s  u rgen t ly  
needed t o  h e l p  fe'ed t he  wor ld ' s  growing popula t ion ,  
whether o r  no t  s i g n i f i c a n t  c l ima te  change occurs .  This  
r e s e a r c h  should be a c c e l e r a t e d ,  wi th  increased  
, a s s i s t a n c e  from t h e  i n d u s t r i a l i z e d .  world. T rop ica l  
a g r i c u l t u r a l  r e sea rch  must t ake  account of t h e  s o c i a l  
and i n s t i t u t i o n a l  s t r u c t u r e  i n  each l o c a l i t y ,  a s  w e l l  
a s  b i o l o g i c a l  resources  and management techniques.  It 
i s  important  t ha t .  a g r i c u l t u r a l  r e sea rch  i n  t h e  t r o p i c s  



and subtropics be planned to take explicit account of 
the possibility of climate change. It should also 
take advantage of the expected increase in atmospheric 
C02 as it relates directly to the biological processes 
of photosynthesis, biological nitrogen fixation, and 
transpiration that control plant growth. 

Effects of a C02-Induced'climate Change on Animal Agriculture 

Domestic animals provide high-quality protein, minerals, vitamins, and 
energy for human consumption. Meat, milk, eggs, and wool account for 
approximately 40 percent of the world's agricultural output, and many 
cultures in the world depend almost entirely on animals for their food 
supply and much of their fuel and draft power. 

The importance of research in this area transcends the C02 
issue. It is of both national and international concern. An increase 
in ambient temperature will generally reduce total productive 
efficiency of most livestock. Extremely high temperatures can re&lt 
in high casualty losses, as witnessed in 1980 with pou1tr.y in.Texas 
and Arkansas. C02-induced temperature changes impact directly on 
animal physiology as well as indirectly on forage production, soils, 
and animal diseases. Coping with ambient temperatures is the basic 
issue. The proposed research includes highly detailed basic 
physiological and biochemical studies of animals in environmentally 
controlled chambers, as well as studies of animals managed under 
extensive grazing conditions. Testing of management systems, 
including computer modelling and analysis, is recommended. 

The objective of ,this research area should be: 1) Determine 
the effects of thermal stress on nutrient metabolism, hormones, and , 

diseases associated with growth, reproduction, and. lactation of 
animals; and 2) develop systems of management which increase 
efficiency and productivity of animals exposed to thermal stress. 

Research on the partial alleviation of C02-induced climatic 
stresses on livestock is particularly crucial in that large projected 
temperature changes will occur in the temperate zones where there is 
the greatest concentration of climatically vulnerable animal 
agriculture. The temperature change and resultant stresses will be 
less in the tropics and in developing countries. In these areas the 
projected climate changes will, be minimal, and water buffalo, the 
prodominant species, is already well adapted. . 

Animal agricultural research is expensive in terms of capital 
outlay, facilities, equipment, and animals. The research program 
outlined below will require extensive use of research-farm and 
laboratory facilities, as well as controlled environmental chambers 
for large and small domestic animals. The proposed research should 
not necessarily be confined to carbon dioxide-climate effects alone. 
(See paper by H. Allen Tucker, Volume 11.) 



PRIORITY RESEARCH (in order of importance): 
1 

o Establish the Quantitative Effects of 
Thermal Stress on Nutrient Requirements', Feed Intake, 
and Nutrient Utilization of Selected Animals (Beef and 
Dairy Cattle. Swine and Poultry) Managed Intensively 
and Extensivelv. The nutrients (amino acids, 
vitamins, minerals, and calories) required by 
food-producing animals have been qualitatively defined 
and, so far as is known, do not change with ambient 
temperature. Quantitative nutrient requirements were 
established under ideal conditions, but most animals 
are not managed under ideal conditions. Since heat 
stress reduces voluntary feed intake, quantitative 
requirements for many nutrients may not be met during 
thermal stress because nutrients are fed as a 
percentage of dietary dry matter. Quantitative 
requirements and the relative ratios of various 
nutrients (e.g., protein-to-S, protein-to-energy, 
K-to-Na, etc.) are likely to be markedly different 
during thermal stress. 

The research should : a) describe nutrient flux 
(including nutrient utilization) and productivity of 
animals exposed to variable temperatures for various 
times (these data should be applied to determine 
nutrient requirements); and b) determine the accurate 
quantitative relationships between feed intake and 
ambient temperature for selected animals. 

This research should be conducted in both 
controlled environment chambers and under monitored 
field conditions. 

o Determine the Effects of'Thermal Stress on 
Endocrine, Physiological, and Biochemical Factors 
Which Regulate Growth, Reproduction. and Lactation. 
Hormones are biological agents secreted in animals 
which regulate meat, milk, and egg production. These 
effects are manifested throughout an animal's 
reproductive system. Thermal stress reduces growth, 
reproductive, and lactational performance of animals, 
and causes 'shifts in secretion of some hormones. We 
do not as yet understand the endocr'ine system in 
sufficient detail to permit its manipulation to reduce 
thermal stress. 

Higher temperatures decrease ovulation rates, 
reduce the intensity and shorten the duration of 
estrus, and increase embryonic mortality. The 
mechanisms of these responses are poorly understood. 
There is a hypothesis that, in addition to hormones, 
other biochemical and physiological factors may be 



involved. The response to thermal stress is not 
sufficiently understood to allow development of 
practical management systems to reduce it. 

The effects of various intensities and durations 
of thermal stress on secretion rates of hormones from 
endocrine glands and the clearance rates, patterns of 
release, and molecular .forms of hormones in blood 
should be determined. Studies should be restricted to 
those hormones which are known to regulate growth, 
reproduct?on, and lactation. There shodld also be a 
determination of the effects of heat stress on 
physiological andlor biochemical factors which control 
fertility of gametes, embryo and fetal survival, 
conceptus-maternal interactions, neonatal growth, 
postpartum reproductive physiology, and lactogenesis. 

This research may involve use of environmentally 
controlled chambers using relatively few numbers of 
animals very intensively. Research could also be 
conducted under . "normally fluctuating." temperatures 
and other climatic variables. The latter approach is 
especially useful where large numbers of animals are 
required .to determine the effects.of thermal stress on 
growth, reproduction, or lactation. 

o Determine the Effects of Thermal 'Stress on 
Diseases Which Affect Animal Productfvity. Many 
diseases reduce animal productivity, and climatic , 

stress may exacerbate the problem. .The influence 
of climate, particularly the effects of thermal 
stress, on transmission of infectious agents is not 
completely understood. There is need for managerial 
systems which can be applied to the husbandry of 
animals that will prevent transmission of infectious . . 
agents to animals subject to C02-induced climate 
changes . 

Research should: a) define the ways in which 
climatic .factors affect survival, development, and 
movement of infectious agents h the environment; and 
b) determine systems of animal management which 
minimize disease during thermal stress. 

This research ,will require closely regulated 
environments as well as environmentglly monitored 
field studies. 

o Develop Systems of Management Which.Increase 
Efficiency and Productivity of Animals Exposed to 
Climatic Stress. Potentially practical management 
systems to alleviate thermal stress on animals could 
be tested immediately,. They may include, but are not 
limited . to: 1) testing applicability of the . . 



managerial  system of " l ea s t - cos t  programming" f o r  
normal d i e t a r y  formulationsc t o  development of d i e t a r y  
fo rmula t ions  f o r  animals  sub jec t ed  t o  thermal stress; 
2 )  t e s t i n g  t h e  performance of animals  whose d i e t a r y  
formula t ions  were a l t e r e d  based on r e c e n t l y  developed 
c o r r e l a t i o n s  between feed i n t a k e  and ambient 
t empera ture ;  3 )  developing management s t r a t e g i e s  which 
synchronize breeding pe r iods  wi th  pe r iods  most 
f avo rab l e  t o  concept ion and reproduct ion ;  and 4 )  
developing low-cost animal s h e l t e r s  which w i l l  bu f f e r  
c l i m a t e  changes. I n  a d d i t i o n ,  computer modelling and 
a n a l y s e s  i n  response t o  changes i n  c l ima tc  could be 
used t o  p r e d i c t :  1 )  t h e  c x t e n t  of t h e  changes i n  
animal p r o d u c t i v i t y ;  2) choices  among animal 
product ion  systems; 3)  marketing and food consumption 
p a t t e r n s ;  and 4 )  c o s t l b e n e f i t  r a t i o s .  This  r e sea rch  
w i l l  r e q u i r e  ex t ens ive  use of computer f a c i l i t i e s  and 
f i e l d . t e s t i n g  of computer s imu la t i ons .  

C. Climat ic  Impact on Noncul t ivated Renewable Resources 

B io log ica l  p rocesses  i n  a  f o r e s t  do no t  d i f f e r  from those  i n  a  wheat 
f i e l d .  The d i s t i n c t i o n  between c u l t i v a t e d  and noncu l t i va t ed  
ecosystems i s  i n  t h e  degree of human i n t e r v e n t i o n .  Lower r e t u r n s  per 
u n i t  a r e a ,  a  preponderance of long-l ived pe renn ia l  s p e c i e s ,  and o f t e n  
q u i t e  d i f f e r e n t  management o b j e c t i v e s  mean t h a t  most n a t u r a l  resource  
systems a r e  t r e a t e d  l e s s  in . tens ive ly  than a g r i c u l t u r a l  crops.  Because 
of  t h i s  l e s s e r  human c o n t r o l ,  t h e i r  response t o  c l ima te  change w i l l  be 
q u a l i t a t i v e l y  d i f f e r e n t  from t h a t  of a g r i c u l t u r a l  systems. I n  
p a r t i c u l a r ,  changes i n  s p e c i e s  composi t ion w i l l  be more t he  r e s u l t  of 
n a t u r a l  p rocesses  than  of human c h o i c e . .  

The r e l a t i v e l y  low l e v e l  of manipulat ion a f f o r d a b l e  i n  n a t u r a l  
r e sou rce  systems means t h a t  t h e r e  i s  l e s s  oppor tun i ty  than i n  
a g r i c u l t u r e  f o r  economic b e n e f i t  from c l ima te  change. The main 
o b j e c t i v e  of r e sea rch  on noncu l t i va t ed  ecosystems should be t o  
a n t i c i p a t e  responses  of ecosystems t o  new c l ima te s .  Unexpected 
changes could be c o s t l y .  Be l ievable  s c e n a r i o s ,  though, can be worked 
o u t  t o  i n d i c a t e  how n a t u r a l  r e sou rce  systems may r e a c t  t o  c l ima te  
change. Management p r a c t i c e s  may then be ad jus t ed  t o  t ake  advantage 
of  t h e  s h i f t  o r  t o  minimize i t s  adverse consequences. 

, 

Research on impacts of c l ima te  change on noncu l t i va t ed  
ecosystems should concen t r a t e  i n i t i a l l y  on 'p roces se s  and models. Many 
of  t h e  expected responses  w i l l  be h igh ly  s i t e - s p e c i f i c ,  and cannot be 
p rope r ly  assessed  u n t i l  t h e r e  a r e  good p r e d i c t i o n s  of l o c a l  c l ima te  
change. The processes  t h a t  w i l l  l ead  t o  e c o l o g i c a l  change, however, 
a r e  more u n i v e r s a l .  



S h i f t s  i n  c l ima te  w i l l  a f f e c t  f o r e s t s ,  g r az ing l ands ,  water  
r e sou rces  and f reshwater  ecosystems, and t e r r e s t r i a l  w i l d l i f e .  
Research should cons ider  t he  e f f e c t  of CO2-induced c l ima te  change on 
r e c r e a t i o n a l  and a e s t h e t i c ,  a s  wel l  a s  economic, va lues .  I n  a d d i t i o n ,  
t h e r e  should be a  cont inu ing  program of b i o l o g i c a l  monitor ing t o  
d e t e c t  eco log ica l  t r e n d s  a s  they  occur .  

Impact of Climate Change on Fo re s t s  

About a  q u a r t e r  of t h e  U.S. i s  covered by f o r e s t s .  These range from a  
smal l  but growing a r ea  t h a t  i s  i n t e n s i v e l y  managed under high-yield 
s i l v i c u l t u r e  ( s c a r c e l y  d i f f e r i n g  from a g r i c u l t u r a l  c u l t i v a t i o n )  t o  
s p a r s e  and unproduct ive woodlands. There a r e  ex t ens ive  f o r e s t s  
throughout t h e  world. Those i n  some developing c o u n t r i e s  a r e  a l r e a d y  
under severe  stress from o v e r c u t t i n g  and heavy graz ing .  These 
s t r e s s e s  may be exacerbated by c l ima te  change. 

Most f o r e s t s  a r e  managed f o r  d i r e c t  economic r e t u r n ,  but  some 
a r e  s e t  a s i d e  a s  parks o r  wi lderness  a r e a s  where ha rves t  i s  forbidden.  
Almost a l l  have h igh  r e c r e a t i o n a l  va lue .  E f f e c t s  of c l ima te  change 
w i l l  d i f f e r  according t o  management p r a c t i c e s  and e c o l o g i c a l  
c h a r a c t e r i s t i c s .  

A s u b s t a n t i a l  sha re  of t h e  wor ld ' s  r e sea rch  i n  both 
t h e o r e t i c a l  and app l i ed  ecology has  been conducted i n  f o r e s t s .  
Despi te  t he  e x c e l l e n t  d a t a  on which t o  b u i l d ,  t h e  a b i l i t y  of 
e c o l o g i s t s  and f o r e s t e r s  t o  p r e d i c t  consequences t o  f o r e s t  ecosystems 
of  a  C02-induced c l ima te  change i s  poor. Basic  r e sea rch  and model 
synt 'hesis and development w i l l  be necessary  be fo re  a c c u r a t e  
p r e d i c t i o n s  can be made. 

Research concerning C02 e f f e c t s  on f o r e s t s  can be d iv ided  
i n t o  f i v e  a r e a s :  mathematical modelling; s p e c i e s  t o l e r a n c e  and 
g e n e t i c  adap ta t i on ;  adap t ive  s t r a t e g i e s  f o r  managed f o r e s t s ;  land-use 
s h i f t s ;  and f i e l d  si tes f o r  r e sea rch .  A l l  t h e s e  a r e a s  should be 
cons idered  i n  an i n t e g r a t e d  r e sea rch  program. (See papers  by Larry 
Tombaugh, and by Ca r t e r  Johnson and David Sharpe, Volume 11 . )  

PRIORITY RESEARCH: 

o  Mathematical Modelling. P r i o r i t y  should be 
g iven  t o  t he  development of mathematical models of 
f o r e s t s  which inc lude  both popula t ion  and ecosystem 
processes .  This  hyb r id i za t i on  of popula t ion  and 
ecosystem models i s  v i t a l  t o  . p r e d i c t i n g  t he  
consequences of a  c l ima te  .change. A C02-induked 
c l ima te  change would a f f e c t  both popula t ion  dynamics 
and r a t e s  of ecosystem processes .  Few mathematical 



models have been designed t o  eya lua t e  both components 
s imul taneous ly .  There i s  , a l s o  a  need t o  i nco rpo ra t e  
c l ima te  a s  an o p e r a t i o n a l  v a r i a b l e .  This  w i l l  r e q u i r e  
e x p l i c i t  l i nkages  between t h e  components of changing 
climate' and ecosystem-population dynamics. Most 
mathematical models of ecosystems have been s t r u c t u r e d  
t o  eva lua t e  r e l a t i o n s h i p s  between and among f u n c t i o n a l  
b i o l o g i c a l  . c a t e g o r i e s  under a  cons t an t  c l ima te  but 
w i t h  year  t o  year  va r i a , t i ons .  Few models a r e  
designed t o  eva lua t e  t h e  e f f e c t s  of a  u n i d i r e c t i o n a l  
c l i m a t e  change. F u l l  e v a l u a t i o n  of c l ima te  change 
w i l l  r e q u i r e  Increased  emphasis on spat io-geographic  
model l ing,  i n  c o n t r a s t  t o  po in t - s ca l e  modelling. This  
i nc ludes  p r e d i c t i o n  of p o t e n t i a l  s h i f t s  i n  s p e c i e s  
ranges  and f auna l  migra t ion  p a t t e r n s .  A cha l l enge  i n  
t h i s  a r e a  of eco log ica l  modelling i s  t o  i nco rpo ra t e  
adequate ly  t he  e f f e c t s  of anthropogenic  a c t i v i t i e s .  
Recent land-use p r a c t i c e s  have reduced t h e  migra t ion  
p o t e n t i a l  of some s p e c i e s  and enhanced o t h e r s .  The 
p o s s i b i l i t y  of c l ima te  change has added new re levance  
t o  t he  s tudy  of biogeography, e s p e c i a l l y  t h e  r o l e  of 
s p a t i a l  he t e rogene i ty  t o  movement and es tab l i shment  of 
popu la t i ons  and communities. 

o  Spec ies  Tolerance and Genet ic  A d a ~ t a t i o n .  
P r e d i c t i o n  of changes i n  t he  geographica l  ranges of 
s p e c i e s  depends on knowledge of t h e  t o l e r a n c e  of 
d i f f e r e n t  l i f e  s t a g e s  of organisms t o  a  g iven  change 
i n  c l ima te .  The range of a  s p e c i e s  can s h i f t  
i f  c l ima te  change enables  c o l o n i z a t i o n  of new s i t e s  
beyond the  normal range and i f  m o r t a l i t y  i n  a  po r t i on  
o f  t he  range occurs  from changes which exceed the  
t o l e r a n c e s  of a l l  i n d i v i d u a l s , o f  l o c a l  popula t ions .  
Complete m o r t a l i t y  of range-border popula t ions  depends 
on the  r a t e  and magnitude of a  c l ima te  change and on 
i n h e r e n t  g e n e t i c  he t e rogene i ty .  Some i n d i v i d u a l s  may 
p e r s i s t  and subsequent ly  i nc rease  i n  numbers. The 
a b i l i t y  of t h e  s p e c i e s  t o  respond i n  t h i s  way depends 
i n  l a r g e  measure on the  g e n e t i c  v a r i a b i l i t y  i nhe ren t  
i n  t h e  popula t ion .  Eva lua t ion  of t h e  a b i l i t y  of 
eco types  and subspec ies  t o  p e r s i s t  geog raph ica l ly  i n  
s p i t e  of a  c l ima te  change, due t o  i nhe ren t  g e n e t i c  
he t e rogene i ty  i n  t o l e r a n c e ,  i s  an important  r e sea rch  
a r e a .  

o  Development of Genotypes and Management 
S t r a t e g i e s  f o r  Environmental S t r e s s e s  i n  Manaped, 
F o r e s t s  . C02-induced c l i m a t i c  s h i f t s  may a f f e c t  t he  
p r o d u c t i v i t y  of f o r e s t s  and a l t e r  t h e i r  s u s c e p t i b i l i t y  
t o  n a t u r a l  d i s a s t e r s  such a s  f i r e ,  windstorms, and 



f l o o d s ,  a s  we l l  a s  t o  pathogens and i n s e c t  ou tbreaks .  
These problems a r e  p a r t i c u l a r l y  important  i n  f o r e s t s  
because,  un l ike  annual c rops ,  they  t ake  so  long t o  
develop t h a t  s i g n i f i c a n t  c l ima te  changes may t ake  
p l ace  dur ing  t h e i r  l i f e s p a n s .  To develop s t r a t e g i e s  
f o r  optimum management of f o r e s t s  under changed and 
changing c l ima te s  w i l l  r e q u i r e :  a )  b e t t e r  knowledge 
of c l i m a t i c  e f f e c t s  on f o r e s t  growth and hydrology; b) 
new t o o l s  f o r  a s s e s s i n g  changes i n  f o r e s t  biomass and 
p r o d u c t i v i t y  through remote sens ing ;  c )  models 
developed from e x i s t i n g  knowledge and new r e s e a r c h  
which can be used t o  develop management s t r a t e g i e s  
optimized f o r  cond i t i ons  which do not  ye t  e x i s t  but 
which can be expected t o  occur before  t r e e s  p r e s e n t l y  
being p lan ted  a r e  harves ted ;  and d)  development of 
new genotypes of f o r e s t  t r e e s  a b l e  t o  grow under t h e  
changes induced by i n c r e a s e s  i n  a tmospheric  C02. 

o Land-Use S h i f t s . *  An i n d i r e c t  e f f e c t  of 
c l ima te  change on ecosystems occurs  through man's use 
of  t h e  land .  Land use p lays  a r o l e  i n  ecosystem 
dynamics i n  most reg ions  of t h e  world,  through 
c l e a r i n g  and r e f o r e s t a t i o n ,  conversion of g raz ingland  
t o  a g r i c u l t u r e ,  farm abandonment, and graz ing  and 
u t i l i z a t i o n  p r a c t i c e s .  A t  i s s u e  is  t h e  e f f e c t  of 
changing c l ima te s  on land-use p a t t e r n s .  I f  c l ima te  
becomes more f avo rab l e  f o r  a g r i c u l t u r e  and i n t e n s i v e  
f o r e s t r y ,  and t h i s  i s  coupled wi th  economic 
i n c e n t i v e s ,  land t h a t  ' i s  c u r r e n t l y  under n a t u r a l  
v e g e t a t i o n  and marginal  f o r  a g r i c u l t u r e  could be 
c l e a r e d .  Conversely,  i f  l e s s  f avo rab l e  c l i m a t e s  
r e s u l t ,  ex t ens ive  a g r i c u l t u r a l  land abandonment could 
ensue.  This  problem is most c r i t i c a l  i n  marginal  
a g r i c u l t u r a l  reg ions  impaired by c o n s t r a i n t s  of 
temperature  o r  mois ture .  Land use and water use i n  
i r r i g a t e d  a g r i c u l t u r e  go hand i n  hand. An example is  
t h e  North American deciduous-boreal coni fe rous  f o r e s t  
ecotone.  A warming could expand a g r i c u l t u r e  a t  t h e  
expense of n a t u r a l  systems -- f o r  example, t he  western 
margin of dryland a g r i c u l t u r e  on the  Great P l a i n s .  
How i s  land and water  use l i k e l y  t o  change i n  such 
s e n s i t i v e  reg ions?  W i l l  a g r i c u l t u r a l .  land i n c r e a s e  

*This i s s u e  c u t s  a c r o s s  many o t h e r . i m p o r t a n t  r e sea rch  t o p i c s  d i scussed  
i n  t h i s  r e p o r t  -- a g r i c u l t u r e ,  f o r e s t r y ,  g r az ing l ands ,  and economics 
and o t h e r  s o c i a l  s c i ence  r e sea rch .  Care should be taken  t o  coo rd ina t e  
such r e sea rch  e f f o r t s  wherever pos s ib l e .  



o r  decrease?  What w i l l  be t h e  speed of change,  and 
what p o r t i o n s  of t h e  l a n d s c a p e  a r e  most l i k e ' l y  t o  be 
a f f e c t e d ?  

R a t e s  of change i n  l a n d  use  a r e  a response  t o  a 
complex i n t e r p l a y  of c l i m a t i c ,  economic, s o c i a l ,  and 
demographic f a c t o r s .  . E l u c i d a t i n g  t h e  mechanisms by 
which t h e s e  r a t e s  cou ld  be a l t e r e d  by C02-induced 
c l i m a t e  change w i l l  r e q u i r e  a h igh  d e g r e e  o f  

\ i n t e r d i s c i p l i n a r i t y  i n v o l v i n g  c o o p e r a t i o n  among 

i b i o l o g i c a l  and s o c i a l  s c i e n t i s t s .  Research shou ld  
emphasize t h e  mechanisms i n v o l v e d ,  w i t h  t h e  aim of 
deve lop ing  a s t a t i s t i c a l  b a s i s  f o r  p r e d i c t i n g  f u t u r e  
l andscape  p a t t e r n s  r e s u l t i n g  from t h e ' i n t e r p l a y  of 
c l i m a t e  and s o c i a l  f o r c e s .  It i s  premature ,  however, 
g i v e n  our  p r e s e n t  s t a t e  of knowledge, t o  a t t e m p t  t o  
p r e d i c t  a c t u a l  changes i n  l and  use  i n  s p e c i f i c  r e g i o n s  
a s  a consequence. o f  c l i m a t e  change.  

, Remote s e n s i n g  is a p o t e n t i a l l y  powerful  t o o l  f o r  
e v a l u a t i n g  l and  use  changes .  A wor-kshop convened a t  
Woods Hole,' Ma'ssachuserts ,  May 1973*, proposed a 
f i v e - y e a r  program t o  improve t h e  c a p a b i l i t y  of remote 
s e n s i n g  t o  measure g l o b a l  changes i n  t e r r e s t r i a l  
ca rbon .  The workshop c o n s i d e r e d  measur ing changes  i n  
l a n d  use  grom f o r e s t  c l e a r i n g  and s i m i l a r  a c t i v i t i e s .  

. It made no ment ion of l and  use  changes from c l i m a t i c  
s h i f t s .  It i s  s t r o n g l y  recommended t h a t ,  i f  t h e  
program of r e s e a r c h  recommended by t h a t  workshop i s  
implemented by DOE o r  o t h e r  a g e n c i e s ,  i t  i n c l u d e  
r e s e a r c h  on how b e s t  t o  measure long-term changes  
i n  l and  use  r e s u l t i n g  from c l i m a t e  change,. 

o F i e l d  Research S i t e s .  T e s t i n g  and 
v a l i d a t i o n  of 'model p r e d i c t i o n  r e q u i r e s  c a r e f u l l y  
s e l e c t e d  f i e l d  s i t e s .  We recommend t h a t  permanent 
s i t e s  be e s t a b l i s h e d  where l andscape- leve l  r e s e a r c h  
can  he conducted on e f f e c t s  of C02-induced c l i m a t e  
changes  . on f o r e s t s .  General  s i t e  s e l e c t i o n  c r i t e r i a  
shou ld  i n c l u d e :  1 )  s i t e s  a t  t h e  c e n t e r  of a number . 
o f  s p e c i e s '  r anges  w i t h i n  a g iven  f o r e s t  biome t o  
measure . t h e  e f f e c t  of c l i m a t e  change on n u t r i e n t  and 
energy  c y c l e s  ' withou t  t h e  confounding e f f e c t  of 
p o p u l a t i o n  s h i f t s ;  2 )  s i t e s  a t  o r  be,yond t h e  margins  
o f  biomes, where p o p u l a t i o n s  o f t e n  e x i s t  under stress 
and where t h e  e f f e c t s  of changing c l i m a t e , o n  s p e c i e s '  
r a n g e s  ( e . g . ,  a b i l i t y  t o  reproduce)  would be most 

*Woodwell, G.N. (Ed.) .  1980. Measurement of c l i m a t i c  changes i n  
t e r r e s t r i a l  carbon u s i n g  remote s e n s i n g  t e c h n i q u e s .  U.S. Department 
o f  Energy CONF-7905176. 



quick ly  no t i ced ;  3 reg ions  wi th  
per turbat ion-dependent  ecosystems where t he  mix would 
change s i g n i f i c a n t l y  because of c l ima te  change, 
i nc lud ing  reg ions  now marginal  f o r  a g r i c u l t u r e  and 
i n t e n s i v e  f o r e s t r y ;  and 4 )  landscapes wi th  a h i s t o r y  
of  population-ecosystem re sea rch ,  where e c o l o g i c a l  
r e l a t i o n s h i p s  have been determined. No s i n g l e  s i t e  
would meet a l l  c r i t e r i a .  A p r i o r i t y  would be si tes a t  
t h e  p r a i r i e - f o r e s t  ecotone and t h e  b o r e a l  
coniferous-deciduous f o r e s t  ecotone r eg ions  of North 
America. The l a t t e r  might b e s t  be l oca t ed  i n  Canada. 

Population-ec.osystem re sea rch  should be focused 
a t  a r e l a t i v e l y  smal l  number of s i t e s .  W e  recommend 
suppor t  of on ly  a few adequate ly  funded r e sea rch  s i t e s  
r a t h e r  than a l a r g e  number wi th  marginal  funding. 
Highly fragmented funding might p r o h i b i t  r e sea rch  
success  a t  any s i t e .  It is  3mportant t h a t  r e sea rch  on 
C02 e f f e c t s ,  i n  t h i s  a s  i n  o t h e r  s u b j e c t  a r e a s ,  be 
regarded a s  a program, r a t h e r  than a s  a s e r i e s  of 
independent p r o j e c t s .  

[The minimum funding and time per iod f o r  a l l  
p r i o r i t y  r e sea rch  regard ing  f o r e s t s  should be s i m i l a r  
t o  t h a t  f o r  t he  f o r e s t  biome s t u d i e s  of t h e  
I n t e r n a t i o n a l  . B i o l o g i c a l  Program (IBP).  . The 
o rgan iza t ion  of r e sea rch  and composition of t h e  
r e sea rch  team would d i f f e r  from t h e  IBP. The 
p ropor t i on  of i n v e s t i g a t o r s  wi th  backgrounds i n  
b ioc l imato logy ,  f o r e s t  meteorology, and biogeography 
should be l a r g e r .  Also, t h e  l o c a t i o n s  f o r  r e sea rch  
proposed should p lay  a l a r g e r  r o l e  than i t  d id  dur ing  
t h e  IBP. Research planning.  should be c a r e f u l l y  
i n t e g r a t e d  wi th  t h e  Long Term Ecologica l  Research 
(LTER) program being implemented by NSF.] 

Water Resources and Freshwa.ter Ecosystems 

The q u a n t i t y  of water from l a k e s  and s t reams a v a i l a b l e  f o r  
a g r i c u l t u r a l ,  domestic,  and i n d u s t r i a l  use and f o r  hydropower 
gene ra t i on  w i l l  be d i r e c t l y  a f f e c t e d  by c l ima te  change. Stream 
r u n o f f ,  a high propor t ion  of which i s  from noncu l t i va t ed  ecosystems, 
i s  heav i ly  dependent on r a i n f x l l  and temperature ,  but  i s  a l s o  a f f e c t e d  
by ground cover ,  humidity,  and -inso.lation. 

The amount and the  economic importance of water  supply 
r e s u l t i n g  from changes i n  , p r e c i p i t a t i o n  and temperature  a r e  h igh ly  
s i t e  s p e c i f i c .  A 10 percent  change i n  annual  p r e c i p i t a t i o n  i n  t h e  
Colorado River bas in  w i l l  a f f e c t  t he  f low of t h a t  r i v e r  d i f f e r e n t l y  
than  w i l l  a  s i m i l a r  change i n  t h e  bas in  of t h e  M i s s i s s i p p i .  Equal ly  



important, a 10 percent change in mean annual flow of. the Colorado 
will have different social and economic implications than an 
equivalent change in flow of the Mississippi. 

We do not recommend trying to make quantitative predictions of 
changes in streamflow until more is known about expected climate 
changes within specific basins. Research is in progress to improve 
models linking streamflow to annual variations in precipitatio 
temperature, and other climatic variables. 7 ,  (Ground cover and 
vegetation is also important.) These models will be useful for 
evaluating streamflow changes when locally-specific climatic models 
are improved. Although predictive hydrologic models still need 
refinement, the need does not warrant support through the C02 program. 
The prospect of change in streamflow should, however, be incorporated 
into the scenario exercise proposed in Section IV. 

Another set of questions immediately amenable to research has 
to do with the effects of C02-induced climate change on freshwater 
biological resources. The most important of these are changes in 
species distribution,' the impacts of new reservoirs and of reservoir 
operating policies, and temperature change, on aquatic productivity. 
(See paper by Charles Coutant, Volume 11.) Also important is .the 
export to the marine environment of carbon in rivers, discussed in 
Section I of this report. 

PRIORITY RESEARCH: 

o Species Distributions. Recreational 
fisheries, and some commercial fisheries, often 
exploit aquatic species at the edges of their 
latitudinal geographic ranges. Small increases in 
long-tern1 temperatures can shift distributional 
boundaries and cause social displeasure at the 
resource loss. A small rise of average temperatures 
might allow troublesome exotic fish to spread north 
to the Florida panhandle and westward across a 
latitudinal band. Cold-water species in boreal lakes 
may be threatened by temperature changes. The 
interaction of temperature change with acid rain in 
northern lakes may be important. The existing 
latitudinal boundaries of important aquatic species 
should be identified, and the role of temperature in 
maintaining these boundaries established. Laboratory 
and field data will be required. Evidence may be 
gained from electric power station sites, particularly 
where exotic species have been established as a result 
of increased water temperatures or where native 
cool-water species have been eliminated. Thermal 
refuges (locations in the water where species can find 



t h e i r  p r e f e r r e d  temperature  r a n g e ) . i n  w in t e r  o r  summer 
should be examined f o r  t h e i r  i n f luence  on d i s t r i b u t i o n  
and s u i t a b i l i t y  f o r  main ta in ing  d e s i r a b l e  s tocks  . w i t h  
changing temperatures .  Climate models should be 
app l i ed  t o  organism d i s t r i b u t i o n  and thermal  t o l e r a n c e  
maps us'ed t o  e s t i m a t e  range changes.  Range l i m i t s  
should be monitored over t ime t o  d e t e c t  changes. 
Computerized biogeographic  d i s t r i b u t i o n  r eco rds  f o r  
b i r d s  and mammals may be emulated f o r  a q u a t i c  spec i e s .  

An i n i t i a l  three-year e f f o r t  can e s t a b l i s h  
d i s t r i b u t i o n  maps wi th  e x i s t i n g  d a t a .  A 10-year 
p r o j e c t .  is  needed t o  i d e n t i f y  t h e  r o l e  of temperature  
i n  e s t a b l i s h i n g  spe+c'?es ranges.  

o  P r e d i c t i n g  and Planning Environmental 
C h a r a c t e r i s t i c s  o f  New Reservoi rs .  New water s t o r a g e  
r e s e r v o i r s  w i l l  be needed t o  main ta in  sbreamflows i n  
many r eg ions  i f  r a i n f a l l  i s  diminished o r  seasona l  
v a r i a b i l i t y  i s  ' increased  by ~02'-induced c l ima te  
changes.  ( Increas 'ed * p r e c i p i t a t i o n ,  which i s  equa l ly  
l i k e l y ,  could ' a l s o  a l t e r  t h e  need f o r  and 
c h a r a c t e r i s t i c s  of r e s e r v o i r s . )  Expan,sion of r e s e r v o i r  
c o n s t r u c t i o n  f o r  c rop  i r r i g a t i o n  may be t h e  most 
s o c i a l l y  and . environmental ly  damaging long-term 
consequence i n  many reg ions .  There may'be t r ade -o f f s  

. between food s e c u r i t y  from crop  i r r i g a t i o n  and meeting 
o t h e r  water needs of people .  U n t i l  more d a t a  a r e  
a v a i l a b l e  on the  geographic e x t e n t  and degree of 
change i n  water  a v a i l a b i l i t y ,  i t  i s  no t  p o s s i b l e  t o  
p r e d i c t  where new r e s e r v o i r s  a r e  most l i k e l y  t o  be 
l o c a t e d .  

S t u d i e s  of e c o l o g i c a l  c y c l e s  i n  e x i s t i n g  o r  new 
r e s e r v p i r s  and t a i l w a t e r s  (water  below a dam o r  
waterpower development) can a s s i s t  r e s e a r c h ,  
assessment ,  and p r e d i c t i o n  of phys i ca l  c h a r a c t e r i s t i c s  
and e c o l o g i ~ a l  elements of f u t u r e  r e s e r v o i r s .  Current  
r e s e a r c h  comparing e c o l o g i c a l  r e l a t i o n s h i p s  of 
d i f f e r e n t  r e s e r v o i r  types  and t h e  ' f a c t o r s  which . 
determine s t a b i l i t y  o r  p r e d i c t a b i l i t y  of r e s e r v o i r  
community s t r u c t u r e , .  could g ive  more emphasis t o  t he  
a b i l i t y  t o  p r e d i c t  e c o l o g i c a l  r e l a t i o n s h i p s  based on 
changes i n  t he  phys i ca l  c h a r a c t e r i s t i c s  of  t h e  
r e s e r v o i r .  Reservoi r  s t u d i e s  i n  t h e  Sov ie t  Union and 
A f r i c a  should be " in t eg ra t ed  wi th  t h e  U.S. e f f o r t ,  
perhaps through t h e  United Nat ions Environment Program 
(UNEP). Presen t  knowledge of r e s e r v o i r  systems can be 
incorpora ted  i n  engineer i 'ng, ,  de s igns  so  a s  t o  c r e a t e  
h a b i t a t s  f o r  des i . rab le  a q u a t i c  s p e c i e s  and t o  minimize 
undes i r ab l e  components. The f a c i l i t i e s  needed f o r  
t h i s  p r o j e c t  a r e  s i m i l a r  t o  those  used i n  ongoing 



programs i n  comparat ive  r e s e r v o i r  r e s e a r c h  and 
e c o l o g i c a l  a n a l y s i s .  T h i s  r e s e a r c h  w i l l  need 
l i m n o l o g i s t s  i n t e r e s t e d  i n  p r e d i c t i o n  and comparat ive  
s t u d i e s  o f  e x i s t i n g  r e s e r v o i r s ,  a s  w e l l  .as t h e  
a n a l y s i s  of r e s u l t s  o f  r e s e r v o i r  s t u d i e s  worldwide. 
T h i s  i s  a  10 y e a r  r e s e a r c h  program. . . 

o  Impact of Temperature I n c r e a s e s  on 
P r o d u c t i v i t v .  There i s  much concern about  t h e  e f f e c t s  
o f  power p l a n t  the rmal  e f f l u e n t s . o n  a q u a t i c  sys tems.  
T h i s  concern  has  l e d  t o  r e g u l a t o r y  c o n s t r a i n t s .  
CO2-induced cli-mate warlnillg , c o u l d  cause  t e m p e r a t u r e  
changes  approach ing  t h o s e  by power p l a n t s .  The 
a v a i l a b l e  d a t a  on e f f e c t s  of t empera tu re  rises on 
a q u a t i c  p r o d u c t i v i t y  need t o  be ana lyzed  i n  t h e  
c o n t e x t  of a  C02-induced g l o b a l  warming. buc h  
i n f o r m a t i o n  h a s  been o b t a i n e d  by f e d e r a l  a g e n c i e s  and ' 

e l e c t r i c  power companies over  t h e  p a s t  20 y e a r s  i n  
response  t o  concerns  over  thermal  p o l l u t i o n .  These 
d a t a  may be i n s u f f i c i e n t  f o r  p r e d i c t i n g  b roader  
impacts .  Once d e f i c i e n c i e s  i n  e x i s t i n g  d a t a  a r e  
e s t a b l i s h e d ,  a d d i t i o n a l  l a b o r a t o r y  and f i e l d  r e s e a r c h  
may be n e c e s s a r y .  E x i s t i n g  and new d a t a  shou ld  be 
i n c o r p o r a t e d  i n t o  t e m p e r a t u r e ~ d r i v e n  models o f  a q u a t i c  
p r o d u c t i o n  and decomposi t ion.  E x i s t i n g  d a t a  b a s e s  on 
the rmal  e f f e c t s  main ta ined  by government and i n d u s t r y  
a r e  i n v a l u a b l e  r e s o u r c e s .  I n i t i a l  a n a l y s e s  of 
e x i s t i n g  d a t a  shou ld  be accomplished i n  one y e a r ,  and 
t h e n  i n c o r p o r a t e d  i n t o  p roduc t ion  models by t h e  end of 
a sccond y e a r .  T h e r e a f t e r ,  reqi~i rements  f o r  o b t a i n i n g  
new d a t a  a n d .  i n c o r p o r a t i n g  them i n  t h e  models a r e  
h i g h l y  s p e c u l a t i v e .  

A f u r t h e r  q u e s t i o n  on t empera tu re  impacts  i s :  
. What d e g r e e  of change i n  t h e  annua l  c y c l e  of o r g a n i c  

p r o d u c t i o n ,  oxygen d e p l e t i o n  i n  deep w a t e r ,  and growth 
o f  d e s i r a b l e  a s  w e l l  as n u i s a n c e  s p e c i e s  o c c u r s  w i t h  a  
t empera tu re  i n c r e a s e ?  The hypotheses  advanced f o r  
power s t a t i o n s  r e g a r d i n g  t h e  a n n u a l ' c y c l e  need t o  be 
e v a l u a t e d  w i t h  assumptions  r e g a r d i n g  wide-scale ,  
C02-induced t empera tu re  change.  Comparative ' s t u d i e s  on 
a q u a t i c  ecosystems a t  d i f f e r e n t  l a t i t u d e s  may be 
f r u i t f u l .  A t t e n t i o n  shou ld  be g iven  t o  the rmal  
s t r u c t u r e  of t h e  wa te r  b o d i e s  and t o  n o n l i n e a r i t i e s  i n  
t h e  the rmal  e f f e c t s  s c a l e ,  i . e . ,  t h e r e  may be 
t h r e s h o l d  the rmal  c o n d i t i o n s  which induce  r a p i d  
e u t r o p h i c a t i o n  whereas u n i t  the rmal  changes  a t  lower 
l e v e l s  y i e l d  no s i g n i f i c a n t  changes .  Some s i t e s  and 
d a t a  a l r e a d y  examined b y . u t i l i t i e s  may be u t i l i z e d  t o  
advan tage .  T h i s  should  be a  long-term r e s e a r c h  
e f f o r t ,  e 'xtending a t  l e a s t  10 y e a r s .  



A f i n a l  i s s u e  involves  t he  changes i n  t r o p h i c  
cond i t i on  of major waters  t h a t  can be expected i f  
n u t r i e n t  l oads  a r e  maintained ( o r  i nc reased )  but 
runoff i s  reduced ( o r  increased)  by C02-induced 
c l ima te  change. Dynamic models of e u t r o p h i c a t i o n  a r e  

/ needed whicp can e s t ima te  t he  degree of flow r educ t ion  
( o r  i nc rease )  t h a t  w i l l  induce eu t roph ic  cond i t i ons .  
Conversely,  e s t i m a t e s  a r e  needed of n u t r i e n t  c o n t r o l  

. requirements  i n  o rde r  t o  keep pace wi th  p o s s i b l e  
changes i n  streamflow. Any C02 s t i m u l a t i o n  of 
b i o l o g i c a l  p r o d u c t i v i t y  should be included i n  t he  
models. While l i t t l e  c o n t r o l  may be p o s s i b l e  of t h e  
C02-induced p r e c i p i t a t i o n  changes,  o t h e r  f a c t o r s  
c o n t r i b u t i n g  t o  e u t r o p h i c a t i o n  may be managed i f  
e s t i m a t e s  of e f f e c t s  a r e  a v a i l a b l e .  

Grazinglands and W i l d l i f e  

Range l i v e s t o c k  graz ing  is  by d e f i n i t i o n  an ex t ens ive  form of land 
u'se, p r ac t i ced  almost e x c l u s i v e l y  on land not  s u i t a b l e  f o r  i n t e n s i v e  
a g r i c u l t u r e  o r  f o r e s t r y .  It i s  h igh ly  vu lne rab l e  t o  c l imat ic '  
v a r i a b i l i t y .  . . 

The ques t i ons  t h a t  should be asked f d r  r e s e a r c h  on the  impact 
of  c l ima te  change on graz inglands  a r e  nor  q u a l i t a t i v e l y  d i f f e r e n t  from 
those  r e l a t e d  to' a g r i c u l t u r a l  and f o r e s t  l ands  and animal a g r i c u l t u r e . ,  
The e c o l o g i c a l  and socioeconomic s e t t i n g  i s  d i f f e r e n t ,  but  t h e  same 
processes  a r e  a t  work. The same i s  t r u e  of impacts  on game and 
non-game w i l d l i f e ,  which i n h a b i t  a l l  t he se  ecosystems. Therefore  the  
s t r a t e g i e s  f o r  r e sea rch  on impacts of c l ima te  change on g raz ing l ands  
and w i l d l i f e  should be s i m i l a r . t o  those  a l r e a d y  d i scus sed .  (See paper 
by Dennis Pendleton and George Van Dyne, Volume 11.)  

PRIORITY RESEARCH: 

o  Rate of Change. D i f f e r e n t  components of 
g raz ingland  ecosystems and .  socioeconomic systems w i l l  
a l t e r  a t  d i f f e r e n t  r a t e s  i f  c l ima te  changes.  We 
expect  p l a n t s  t o  .respond. f a s t e r  than s o i l s .  Animals 
( o t h e r  t h a n  managed. l i v e s t o c k ,  which can be moved) 
w i l l  be a  "buffered" system and respond more s lowly 
than  p l a n t s .  That w i l l  be t h e  l a g  response t o  c l ima te  
change from, s ay ,  t h e  year  2000 t o  2050? Assuming a  
s h i f t  from a  s h o r t  to ,  a  longer  l a g  response,  t h e r e  
might be: 1) decreased o r  increased  annual  y i e l d  of 
v e g e t a t i o n  and changes i n  popula t ions  of i n s e c t s ;  2)  
changes i n  t he  v e g e t a t i o n  composition i n  terms of 
s h i f t s  of cool-season t o  warm-season p l a n t s  on t h e  



o r d e r  of t e n s  <of y e a r s  and changes  i n  p o p u l a t i o n s  o f  
r o d e n t s ,  r a b b i t %  and h a r e s ,  and o t h e r  animal  
communities w i t h i n  a  10-year time-frame; and 3 )  
changes  i n  economic and s o c i a l  s t r u c t u r e s  i n  a  
one-genera t ion  i n t e r v a l .  These k i n d s  of change should 
be  i n v e s t i g a t e d  thoroughly .  

o  Change i n  Land Use. What would be needed t o  
m a i n t a i n  p r o d u c t i v i t y  g i v e n  changes  i n  l and  u s e  
induced by changes  i n  c l i m a t e ?  Changes i n  t empera tu re  
and p r e c i p i t a t i o n  would i n c r e a s e  o r  d e c r e a s e  c rop land  
a r e a s  o r  p n o d u c t i v i t y  i n  many - a r e a s .  With warmer 
t e m p e r a t u r e s  and l e s s  p r e c i p i t a t i o n ,  f o r e s t c d  zones 
c o u l d  be conver ted  t o  c r o p l a n d s  t o  make up any l o s s  i n  
c r o p  p r o d u c t i o n ,  but  g e n e r a l l y  t h e  s o i l  from such 
f o r e s t s  is  n o t  a s  h i g h  i n  f e r t i l i t y  o r  a s  good i n  
c u l t i v a t i o n  p r o p e r t i e s  a s  i s  t h e  s o i l  d e r i v e d  from 
g r a s s l a n d s .  Is t h e  abandonment of c r o p l a n d s  c l o s e l y  
r e l a t e d  t o  f o s s i l  f u e l  and petrochemical  c o s t s  t o  
m a i n t a i n  d e c l i n i n g  p r o d u c t i v i t y ?  W i l l  t h e s e  l a n d s  be 
s u f f i c i e n t l y  degraded p r i o r  t o  abandonment t h a t  i t  
w i l l  be d i f f i c u l t  t o  r e c o v e r  them i n t o  p r o d u c t i v e  
g r a z i n g l a n d s  wi thou t  r e q u i r i n g  h i g h  f o s s i l  f u e l  and 
p e t r o c h e m i c a l  i n p u t s ?  What w i l l  be t h e  r e l a t i v e  r a t e  
o f  an imal  p r o d u c t i o n  on abandoned l a n d s  undergoing 
n a t u r a l  secondary  s u c c e s s i o n ,  a s  compared t o  reseeded  
abandoned l a n d s ?  These and s i m i l a r  q u e s t i o n s  d e s e r v e  
r e s e a r c h  a t t e n t i o n .  

o  Seeding and S u c c c s s i o n -  Should we r e l y  on 
n a t u r a l  secondary  s u c c e s s i o n  on abandoned c r o p l a n d s  o r  
shou ld  r e s e e d i n g  be under taken  which may r e q u i r e  
s u b s t a n t i a l  s o u r c e s  of s e e d ?  With a  s h i f t  of 
c r o p l a n d s  t o  abandoned ' l a n d s  t h e r e  w i l l  be need f o r  
r e s e e d i n g  t h e s e  l a n d s  i n t o  g r a z i n g l a n d s .  Two t y p e s  o f  
g r a z i n g l a n d  development may be c o n s i d e r e d :  n a t u r a l  
secondary  s u c c e s s i o n  i n  abandoned l a n d s  and t h e  
s e e d i n g  of abandoned ' l ands .  T h i s  d e f i n e s  two major 
r e s e a r c h  needs:  1) d e t a i l e d  rev iew and a n a l y s i s  of 
secondary  s u c c e s s i o n  o n ' o l d - f i e l d  sys tems ( t h e  r a t e  of 
s u c c e s s i o n  t o  p e r e n n i a l  g r a s s  i s  dependent  on nearby  
a r e a s  o f .  uncropped land  f o r - s e e d ) ;  and 2 )  
c o n s i d e r a t i o n  of t h e : a b i l i t y  of i n d u s t r y  t o  respond t o  
t h e  need f o r .  seed .  . 

o  V a r i a b i l i t y  of Grazinnland P r o d u c t i o n .  
R e l a t i o n s h i p s  between g r a z i n g l a n d  p roduc t ion  and 
c l i m a t i c  i n f l u e n c e s  need f u r t h e r  examina t ion .  The 
c o e f f i c i e n t  of i n t e r a n n u a l  v a r i a t i o n  i n  p r e c i p i t a t i o n  
f o r  t h e  sou thwes te rn  Uni ted S t a t e s  i s  c u r r e n t l y  abou t  



40-45 pe rcen t .  The same c o e f f i c i e n t  of v a r i a t i o n  i s  
on ly  30-35 percent  i n  t h e  no r the rn  Great  P l a i n s .  
Would i nc reas ing  temperature  and changes i n  
p r e c i p i t a t i o n  mean a  g r e a t e r  c o e f f i c i e n t  of 
v a r i a b i l i t y  i n  p r e c i p i t a t i o n  f o r  such a  c l ima te  zone? 
The same ques t i on  could be asked f o r  monsoonal o r  
Mediterranean c l i m a t i c  zones as we l l  a s  oceanic  zones.  
( A t . p r e s e n t  t he  g loba l  c i r c u l a t i o n  models of f u t u r e  
c l ima te  regimes wi th  g r e a t l y  increased  C02 do not  
provide d e t a i l  regard ing  s p e c i f i c  f u t u r e  r e g i o n a l  
c l ima te s . )  V a r i a b i l i t y  of economic ou tput  on 
graz inglands  i s ,  i n  p a r t ,  r e l a t e d  t o  t h e  v a r i a b i l i t y  
of v e g e t a t i o n a l  y i e l d  from year  t o  year .  We need t o  
examine t h e  i n t e r annua l  v a r i a t i o n  i n  p l a n t  and animal 
product ion due t o  c l i m a t i c  f l u c t u a t i o n s ,  beginning 
wi th  t h e  most p roduct ive  and/or  c l i m a t i c a l l y  marginal  
g raz ingland  types  throughout t he  world. 

o  Grazingland Animals. Cons idera t ion  should 
be given t o  t he  type of l i v e s t o c k  system a v a i l a b l e  t o  
g raze  newly der ived  graz inglands  i n  p a r t i c u l a r  a r e a s  
a s  a  func t ion  of c l ima te  change. What i s  t h e  - 
r e l a t i o n s h i p  of domestic v s .  wild g raz ing  animals ,  t h e  
r e l a t i o n s h i p  of g r a z e r s  ' vs .  browsers ,  and the  
r e l a t i o n s h i p  of cool  zone vs .  temperate  zone vs .  
t r o p i c a l  zone animals  t o  t h e  type of p l an t  communities 
and c l i m a t i c  systems t h a t  may develop i n  p a r t i c u l a r  
r eg ions?  Changing c l ima te  w i l l  not  have extreme 
impact on grazingland animals .  There w i l l  be less 
impact probably on wild animals  than  on domestic 
animals  (though d r i e r  o r  we t t e r  weather might cause 
s h i f t s  i n  t he  a v a i l a b i l i t y  of water which could have 
s e r i o u s  impacts on wild animals) .  Research i n  t h i s  
a r e a  should be i n t e g r a t e d  wi th  t h a t  proposed unde'r t he  
p rev ious ly  d i scussed  top i c  d e a l i n g  wi th  animal 
a g r i c u l t u r e .  

o  Nomadism and D e s e r t i f i c a t i o n .  Climate 
change may exacerba te  (o r  reduce) t h e  . s o c i a l  and 
b i o l o g i c a l  changes occur r ing  i n  many. p a r t s  of t h e  . 
wor ld .  caused by t h e  i n t e n s i f i c a t i o n  of l i v e s t o c k  
g raz ing  by nomadic he rde r s  i n  semi-arid reg ions .  
Research i s  under way , i n  a  number of l o c a l i t i e s ;  
e x p l i c i t  cons ide ra t i on  of t he  e f f e c t s  of c l ima te  
change i s  urged. 
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I11 
SOCIAL AND INSTITUTIONAL RESPONSES 

The proposed r e sea rch  on the  s o c i a l  and i n s t i t u t i o n a l  responses  t o  
C02-induced c l ima te  change is  based p r imar i l y  on fou r  ques t i ons :  1) 
What s t r e s s e s  on s o c i e t y  would r e s u l t  from t h e  advent o r  p rospec t  of 
i nc reas ing  atmospheric carbon d iox ide  and a s soc i a t ed  c l ima te  o r  o t h e r  
environmental impacts? 2)  What determines d i f f e r e n t i a l  
v u l n e r a b i l i t i e s  t o  s t r e s s  of d i f f e r e n t  s o c i a l  groups? 3 )  What 
s t r e s s - r e sponse .  c a p a b i l i t i e s  and p a t t e r n s  a r e  p r e s e n t l y  a v a i l a b l e  i n  
d i f f e r e n t  s e c t o r s  and a t  d i f f e r e n t  l e v e l s ?  4 )  What response 
c a p a b i l i t i e s  might be developed f o r  t he  f u t u r e ?  

Since o p p o r t u n i t i e s  f o r  d i r e c t  s tudy  of  impacts of long-range 
c l ima te  change a r e  l i m i t e d ,  t h e  use of a p p r o p r i a t e  s u r r o g a t e s  such a s  
drought ,  s o i l  e ro s ion ,  and environmental p o l l u t i o n  w i l l .  be 
important  i n  t he  development of an e f f e c t i v e  r e sea rch  program. These 
s u r r o g a t e s  w i l l  g ive  i n s i g h t  i n t o  s o c i a l  impacts and behav io ra l  
adap ta t i on  r e l a t i v e  t o  c l ima te  change. Continuous communication among 
s c i e n t i s t s  , performing the  .varied r e sea rch  .suggested w i l l  be 
e s s e n t i a l .  Some r e sea rch  by phys i ca l  and b i o l o g i c a l  s c i e n t i s t s  may 
r e q u i r e  d i r e c t  input  from r e s e a r c h e r s  s tudying  s o c i a l  impacts o r  
economics, and v i c e  ve r sa .  The scena r io  e x e r c i s e  proposed i n  Sec t ion  
I V  w i l l  he lp  l a y  t he  groundwork f o r  t h i s  type of c o l l a b o r a t i o n .  

Research on s o c i a l  impacts and s o c i a l  response t o  C02-induced 
c l ima te  change has  unique c h a r a c t e r i s t i c s  t h a t  cha l lenge  e x i s t i n g  
r e sea rch  methods and r e q u i r e  a  s k i l l f u l  blend of t he  most t r i e d  and 
f a m i l i a r  methods wi th  more exp lo ra to ry  ones.  We a r e  d e a l i n g  i n  l a r g e  
p a r t  wi th  processes  of long,  slow change. There i s  l i t t l e  b a s i s  f o r  
p r e d i c t i n g  when the  i n d i c a t o r s  of such change w i l l  become c l e a r  and 
meaningful s i g n a l s  f o r  t h e  gene ra l  pub l i c ,  l e t  a lone  f o r  d e c i s i o n  
makers o r  s p e c i a l i s t s .  

I n  eva lua t ing  t h e  s o c i a l  impacts of a  long ,  slow c l i m a t e  
change, i t  i s  s o c i e t y  t h a t  i s . t h e  s u b j e c t  of the  r e sea rch  -- not  
c l ima te .  Most s o c i a l  s c i ence  r e sea rch  on adap ta t i on  t o  change has  
d e a l t  wi th  short- term,  high s t r e s s ,  c r i s i s  s i t u a t i o n s .  With regard  t o  
C02, our need i s  t o  understand a d a p t a t i o n s  around changing long-term 
c l ima te  means r a t h e r  than short- term extremes of c l ima te  change. 
Never the less ,  s lowly evolving changes i n  c l ima te  means ( o r  changes i n  
t h e  range o r  frequency of extremes) may a f f e c t  food s u p p l i e s  and water 
l e v e l s  a s  d r a s t i c a l l y  a s  t h e  more immediate consequences of short- term 
n a t u r a l  d i s a s t e r s .  Thus, t h e  ex t ens ive  new body of r e sea rch  on 
n a t u r a l  hazards  developed over t he  l a s t  decade may provide va luab le  
information on the  d i f f e r e n t  ways i n  which var ious  groups may be 
vu lne rab l e  t o  s t r e s s  and c r i s e s .  Moreover, some of t h i s  new 
informat ion  has  imp l i ca t i ons  f o r  long-term behaviora l  adap ta t i on  t o  
changed environments. Theories  emerging from t h i s  r e sea rch  can 
c o n t r i b u t e  t o . c o n c e p t s  of adap ta t i on  t o  long-term c l ima te  change, and 
need t o  be thoroughly explored i n  t h i s  con tex t .  



The t iming  of change is a  pr imary c o n s i d e r a t i o n .  Research 
shou ld  f o c u s  on rates of exper ienced  c l i m a t e  (and c l i m a t e - s u r r o g a t e )  
change -- from sudden changes t o  s low,  cumula t ive  ones .  1t w i l l  a l s o  
be  u s e f u l  t o  examine e x p e r i e n c e  w i t h  c y c l i c a l  c l i m a t e  change and 
h i s t o r i c a l  r esponses  t o  d i s a s t e r .  A t t i t u d e s  toward t h e  f u t u r e ,  
p r a c t i c e s  of f u t u r e s  d i s c o u n t i n g ,  and images of hoped f o r  and f e a r e d  
f u t u r e s  a r e  a l l  impor tan t  d e t e r m i n a n t s  of a d a p t i v e  c a p a c i t y .  

I n  a d d i t i o n  t o  t h e  more t r a d i t i o n a l  approaches  of c a s e  
h i s t o r y ,  s i m u l a t i o n s ,  and exper iments ,  t h e r e  i s  a l a r g e  a r e a  of 
e x p l o r a t o r y  r e s e a r c h  d e a l i n g  w i t h  f a m i l i e s ,  neighborhoods,  and 
s p e c i a l - i n t e r e s t  s e c t o r s  of s o c i e t y .  We a r e  aware of t h e  dangers  of 
t r y i n g  t o  e x t r a c t  g e n e r a l  c o n c l u s i o n s  from p r e s e n t  models of t o t a l  
s o c i a l  sys tems.  To do s o  cou ld  c o n f i n e  us  t o  a  l e v e l  of g e n e r a l i t y  
t h a t  would p r e c l u d e  impor tan t  i n s i g h t s  concern ing  i n t e r a c t i v e  e f f e c t s .  
Many of t h e  proposed-  r e s e a r c h  a r e a s  which f o l l o w  r e p r e s e n t  e f f o r t s  t o  
i d e n t i f y  and e x p l o r e  t h e  dynamics of s i g n i f i c a n t  subsystems w i t h i n  
t h e s e  l a r g e  c a t e g o r i e s .  ~ e l i a b l e  a n a l y s e s  of t o t a l  . systems 
i n t e r a c t i o n s  can o n l y  t a k e  p l a c e  when we have much more knowledge of 
subsystem dynamics a t  v a r i o u s  l e v e l s ,  from t h e  i n d i v i d u a l  t o  t h e  
g l o b a l  s o c i a l  o r d e r ,  and i n  d i f f e r e n t  s e c t o r s  -- economic, p o l i t i c a l ,  
and c u l t u r a l .  See paper  by Robert  Chen, Volume 11.) 

S o c i e t a l  Response U n i t s  

The s o c i e t a l  r esponse  u n i t s  of concern t o  us  a r e  t h e  f o l l o w i n g :  

1 )  The i n d i v i d u a l ,  who p r o c e s s e s  i n f o r m a t i o n  ,and s i g n a l s  
concern ing  change of any k i n d ,  who h o l d s  a t t i t u d e s  and v a l u e s  
concern ing  s o c i e t y ,  and who p o s s e s s e s  c e r t a i n  s k i l l s  i n  r e l a t i n g  t o  
s o c i e t y .  The b i o l o g i c a l  l i m i t s  t o  t h e  i n d i v i d u a l  human b e i n g ' s  
a d a p t i v e  c a p a c i t y  under  c o n d i t i o n s  of c l i m a t e  s t r e s s  w i l l  no t  be d e a l t  
w i t h  i n  t h e s e  p r o p o s a l s ,  bu t  such  s t u d i e s  need t o  be undcr taken  
j o i n t l y  w i t h  phys ica l , ,  b i o l o g i c a l  and s o c i a l  s c i e n t i s t s  and should be 
planned s e p a r a t e l y .  

2 )  The household,  t h e  pr imary a d a p t i n g  u n i t  i n  any s i t u a t i o n  
o f  s o c i a l  change. 

i 

3 )  The l o c a l  community, which i n c l u d e s  t h e  neighborhood and /or  
v i l l a g e ,  town, and c i t y .  

4 )  The n a t i o n ,  i n c l u d i n g  b o t h  governmental  and nongovernmental  
s e c t o r s .  

5 )  The i n t e r n a t i o n a l  sys tem,  i n c l u d i n g  bo th  fo rmal  r e l a t i o n s  
between n a t i o n s ,  and p r i v a t e  i n d i v i d u a l s  and o r g a n i z a t i o n s  w i t h  
i n t e r n a t i o n a l  i n t e r e s t s  and c o n t a c t s .  



Because c u l t u r e  i s  of pr imary s i g n i f i c a n c e  i n  d e t e r m i n i n g  
s o c i a l  r e s p o n s e s ,  d i f f e r e n t  t y p e s  of s o c i e e i e s  shou ld  be examined -- 
e . g . ,  t r i b a l  and n a t i o n a l ,  and i n d u s t r i . a l i z e d  and n o n i n d u s t r i a l i z e d .  
Subgroups d e f i n e d  by gender ,  a g e ,  r e l i g i o n ,  economic s t a t u s ,  and 
s p e c i a l  m i n o r i t y  i d e n t i f i c a t i o n  should a l s o  be t a k e n  i n t o  account .  

Approaches t o  t h e  Task: Research Areas and Workshops 

Because of t h e  unusual  n a t u r e  of t h e  s o c i a l  problems g e n e r a t e d  by t h e  
adven t  o r  p r o s p e c t  of C02-induced c l i m a t e  change,  r e s e a r c h  o rgan ized  
p r i m a r i l y  by c o n v e n t i o n a l  d i s c i p l i n a r y  a l i g n m e n t s  i s  n o t  recommended. 
The p r o p o s a l s  which foll,o.w:"fall i n t o  e i g h t  :major i n t e r d i s c i p l i n a r y  
a r e a s .  In  t h e  absence of any c l e a r l y  d e f i n e d  r e l e v a n t  body of s o c i a l  
s c i e n c e  knowledge f o r  .dea l ing  w i t h  t h e  i m p a c t s ' o f  c l i m a t e  change,  we 
b e l i e v e  t h e s e  a r e a s  w i l l  p r o v i d e  u s e f u l  p o i n t s  of d e p a r t u r e  f o r  a  
long-range r e s e a r c h  program. A s  e a r l y  r e s e a r c h  e f f o r t s  make p r o g r e s s ,  
new dimensions  of t h e  problem a r e  l i k e l y  t o  ..become e v i d e n t .  These 
shou ld  be e i t h e r  a s s i m i l a t e d  o r  blended) i n t o  t h e  a r e a s  d e l i n e a t e d  
here. ,  o r  e l s e .  new a r e a s  should be added. . . 

The i n i t i a l l y  proposed r e s e a r c h  a r e a s  . . a re :  

1) Development of a  c l i m a t e  and s o c i e t y  d a t a  bank, f o c u s i n g  o n .  
p e r i o d s  of c l i m a t i c  s t r e s s  from t h e  1 3 t h  c e n t q r y  t o  t h e  p r e s e n t  

2 )  H i s t o r i c a l  s t u d i e s  (drawing on t h e  c l i m a t e - s o c i e t y  d a t a  
bank) of s o c i a l  impacts  o f  c l imate- induced s t r e s s e s  

3 )  On-si te  s t u d i e s  of c u r r e n t  c l i m a t e - s t r e s s  s u r r o g a t e  
s i t u a t i o n s  

4 )  I d e n t i f i c a t i o n  of s o c i a l  r e s p o n s e ;  p a t t e r n s ,  f o c u s i n g  on 
i n s t i t u t i o n a l  and o t h e r  response  mechanisms i n  nongovernmental  a r e n a s  

5 )  I d e n t i f i c a t i o n  of s o c i a l  r esponse  p a t t e r n s ,  f o c u s i n g  on 
governmental  a r e n a s  

6 )  Impacts  of c l imate- induced changes ( o r  s u r r o g a t e s )  on t h e  
i n t e r n a t i o n a l  system and t h e  development o f  i n t e r n a t i o n a l .  r e sponse  
mechanisms 

7 )  S t u d i e s  of s o c i a l  p e r c e p t i o n  o f  long-term c l i m a t e  change 
and t h e  p r o c e s s i n g  of c l i m a t e - r e l a t e d  i n f o r m a t i o n ;  r i s k  assessment ;  
and d e c i s i o n  making 

8) S t u d i e s  of h e a l t h .  and d i s e a s e  e f f e c t s  on humans o f  
i n c r e a s e d  a tmospher ic  C02 l e v e l s  and t h e  r e s u l t a n t  c l i m a t e  change 



The c a p a b i l i t i e s  of  d i f f e r e n t  d i s c i p l i n e s ,  e x i s t i n g  knowledge 
of  v a r i o u s  t o p i c s ,  and t h e  i n t e r d i s c i p l i n a r y  i n t e g r a t i o n  needed w i l l  
v a r y  from one r e s e a r c h '  a r e a  t o  t h e  n e x t .  F u r t h e r  p r e p a r a t o r y  work i s  
needed b e f o r e  major r e s e a r c h  p r o j e c t s  can  b e g i n ,  p a r t i c u l a r l y  t o  h e l p  
s o c i a l  s c i e n t i s t s  d e v e l o p  some common ground i n  r e l a t i o n  t o  t h e  
problems t h a t  must be a d d r e s s e d .  We t h e r e f o r e  recommend t h a t  s o c i a l  
s c i e n t i s t s  p a r t i c i p a t e  i n  t h e  s c e n a r i o - c o n s t r u c t i o n  e x e r c i s e  proposed 
i n  S e c t i o n  I V .  T h i s  w i l l  p rov ide  a n  o p p o r t u n i t y  t o  beg in  t o  t r a c e  o u t  
t h e  network of  r e l a t i o n s h i p s  and feedback  l o o p s  between p h y s i c a l ,  
b i o l o g i c a l ,  and soc . i a1  and economic sys tems .  A n a l y s i s  of  t h e s e  
complex r e l a t i o n s h i p s  w i l l  h e l p  u s  i d e n t i f y  t h e  s e n s i t i v i t i e s  of  t h e  
v a r i o u s  sys tems  and t h e  v a r i a b l e s  t h a t  w i l l  be t h e  most u s e f u l  i n  a n  
i n t e g r a t e d  sys tems  a n a l y s i s .  We f u r t h e r  recommend a  s e r i e s  o f  
r e s e a r c h - d e s i g n  workshops t o  i d e n t i f y  i n  d e t a i l  t h e  r e s e a r c h  o p t i o n s  
d e s c r i b e d  l a t e r  i n  t h i s  s e c t i o n  and t o  d e t e r m i n e  a c t u a l  r e s e a r c h  s i t e s  
and c o s t s .  

PRIORITY RESEARCH: I 
o  Resea rch  Design Workshops. These workshops 

would be  t h e  c r i t i c a l  mechanism f o r  l a u n c h i n g  a c t u a l  
r e s e a r c h  p r o j e c t s .  A s e r i e s  of  seven  workshops shou ld  
b r i n g  t o g e t h e r  t h o s e  a c t i v e l y  engaged i n  t h e  r e s e a r c h  
and c o n s u l t a n t s  w i t h  r e l e v a n t  e x p e r t i s e .  Each 
workshop would cor respond  t o  one o r  more of  t h e  a r e a s  
proposed l a t e r  i n  t h i s  s e c t i o n .  

Workshop 1: Cl imate -Soc ie ty  Data Bank and 
H i s t o r i c a l  S t u d i e s .  P e r s o n s  working on t h e  
development of a  c l i m a t e - s o c i e t y  d a t a  bank shou ld  be 
b rough t  t o g e t h e r  w i t h  t h o s e  who w i l l  u n d e r t a k e  
h i s t o r i c a l  s t u d i e s  of  p a s t  c l imate- impacted s o c i e t i e s ,  
as w e l l  as w i t h  c l i m a t o l o g i s t s ,  and b i o l o g i c a l  
s c i e n t i s t s  working on r e s p o n s e s  t o  c l i m a t i c  
v a r i a b i l i t y  and c l i m a t e  change.  

Workshop 2 : On-Site S t u d i e s  of  C u r r e n t  
S i t u a t i o n s .  P a r t i c i p a n t s  shou ld  be t h o s e  who a r e  
c u r r e n t l y  invo lved  i n  o n - s i t e  s t u d i e s  o f  s t r e s s  
s i t u a t i o n s  t h a t  can  be t r e a t e d  a s  c l i m a t e  s u r r o g a t e s :  
e . g . ,  farming a r e a s  where t h e  consequences  of  
long- term s o i l  e r o s i o n  and a  d e c l i n e  i n  s o i l  f e r t i l i t y  
due t o  t h e  d e p l e t i o n  o f  o r g a n i c  m a t t e r  s e r i o u s l y  
a f f e c t  p r o d u c t i v i t y ,  a g r i c u l t u r a l  a r e a s  a f f e c t e d  by 
s t r i p  min ing ,  and p a r t i c u l a r l y  t h e  e c o l o g i c a l l y  
f r a g i l e  Southwest .  (Some s h o r t - t e r m  e v e n t s  such  a s  
t h e  e r u p t i o n s  a t  M t .  S t .  He lens ,  t h e  Three  Mi le  
I s l a n d  n u c l e a r  a c c i d e n t ,  t h e  exposure  t o  t o x i c  r e s i d u e  
o f  Love Cana l ,  o r  t h e  1980 h e a t  wave i n  t h e  midwest 



might '  ' a l s o  w a r r a n t  s t u d y ,  though C02 c l i m a t e  change 
w i l l  mdst l i k e l y  be a n  i n c r e m e n t a l  p r o c e s s .  r a t h e r  than  
a n  i d e n t i f i a b l e  e v e n t . )  The purpose  of  t h e  workshop 
s h o u l d ,  be t o  deve lop  common r e s e a r c h  frameworks f o r  
i n v e s t i g a t i o n  of  family;  community, governmenta l ,  and 
nongovernmental  r e sponse  b e h a v i o r s  i n  two t y p e s  of 
t i m e  f r a u ~ e s :  1) "qu ick  response"  s t u d i e s  i n v o l v i n g  
pe rhaps  a  . week . a t .  t h e  s t r e s s e d  s i t e ;  and 2 )  more 
in -dep th  s t u d i e s  of stress s i t u a t i o n s ,  l a s t i n g  from 
t h r e e .  t o  f o u r  .months,  w i t h  t h e  p o s s i b i l i t y  of  
longer- term fo l - low-up ' resea rch ,  i n c l u d i n g  l o n g i t u d i n a l  
s t u d i e s ,  a t  promis ing s i t e s .  ( L o n g i t u d i n a l  s t u d i e s  
i n v o l v e  follow-up of p a r t i c u l a r  i n d i v i d u a l s ,  f a m i l i e s ,  
and community i n s t i t u t i o n s  o v e r  a  p e r i o d  of y e a r s  t o  
i d e n t i f y  how t h e y  deve lop  and a d a p t  o v e r  t h e  l o n g e r  
t e rm. )  The workshop shou ld  a l s o  d i s c u s s  how t o  deve lop  
t h e  o r g a n i z a t i o n a l  mechanisms f o r  do ing  qu ick- response  
s t u d i e s  and t h e  r e c r u i K i n g  of  t h e  most promis ing 
s c h o l a r s  i n  t h e  f i e l d .  

Workshop 3: Responses a t  t h e  Household and 
Community Leve l .  Regarding t h e  mechanisms whereby I 

neighborhoods  and communities respond t o  s t r e s s  and 
change,  p a r t i c i p a n t s  shou ld  d i s c u s s  how t o  combine 
e x i s t i n g  r e s e a r c h  t r a d i t i o n s  w i t h  e x p e r i m e n t a l  
approaches  s o  a s  t o  deve lop  t h e  most p r o d u c t i v e  
methodo log ies  f o r  t h e  s t u d y  of a d a p t a t i o n  t o  c l i m a t e .  

Workshop 4 : Governmental R e s ~ o n s e  , 
I n f o r m a t i o n  P r o c e s s e s .  and D e c i s i o n  Making. P o l i t i c a l  
s c i e n t i s t s ,  p o l i t i c a l  s o c i o l o g i s t s ,  communication 
s p e c i a l i s t s ,  and p e r c e p t i o n  p s y c h o l o g i s t s  would be 
b rough t  t o g e t h e r  t o  t r y  t o  i d e n t i f y  t h e  most promis ing 
t e c h n i q u e s  f o r  u n d e r s t a n d i n g  t h e  complex i n t e r a c t i o n s  
between government,  t h e  s c i e n t i f i c  community, and t h e  
p u b l i c  i n  t h e  p e r c e p t i o n  of and a d a p t a t i o n  t o  c l i m a t e  
changes .  

Workshop 5: The I n t e r n a t i o n a l  System. ("The 
i n t e r n a t i o n a l  system" i n c l u d e s  t h e  UN and ' i t s  
a g . e n c i e s ,  r e g i o n a l  and . b i l . a t e r a 1  r e l a t i o n s  between 
n a t i o n a l  s t a t e s ,  i n t e r n a t i o n a l  t r a d e ,  e d u c a t i o n a l  and 
c u l t u r a l  c o n t a c t s ,  a s  w e l l  as i n d i v i d u a l  c o n t a c t s  of  
a l l  k i n d s .  ) S o c i a l  s c i e n t i s t s .  s t u d y i n g  t h e  
i n t e r n a t i o n a l  sys tem,  bo th  i t s  governmental  and 
nongovernmental  a s p e c t s ,  would be brought  t o g e t h e r  t o  
a s s e s s  t h e  e x i s t i n g  c a p a b i l i t i e s  of  i n t e r n a t i o n a l  
i n s t i t u t i o n s  t o  respond t o  c l i m a t e  change and t h e  
p o t e n t i a l  of new mechanisms t h a t  may emerge. 



Workshop 6: lode1 Linkages for Climate-Im~acf 
Studies. Social scientists with experience in systems 
model.ling would explore ways to link the different 
social-system models developed in the five previous 
workshops. They should attempt to integrate different 
social-system models with physical and biological 
systems subject to climatic changes. 

Workshop 7 : Health Effects. Social 
scientists with specialization in various health 
fields would work with climatologists, entomologists, 
epidemiologists, geographers, parasitologists and 
others to plan the development of a disease ecology 
data bank linked to a data ..bank on adaptive and 
maladaptive behavior related to disease patterns. 

[The seven workshops should not necessarily 
delay the start of any specific research projects that 
might develop from the following proposals. On the 
contrary, the workshops could provide constructive 
criticism and feedback to projects that are ready to 
be undertaken, or are already in process. Each 
workshop should be sited to minimize travel cost for 
participants and should last about three days. There 
should be between 10 and 20 participants per workshop, 
with some overlap in participation from one workshop 
to the next to enhance communication and 
coordination. ] 

Data Collection 

A major need is the collection and analysis of data dealing with 
climatic variations and related . social conditions. A variety of 
records and studies of stress situations in the past and present must 
be sifted, and the data then put into forms accessible to other 
researchers conducting a wide variety of projects in different 
disciplines. Although some new case-study material may have to be 
gathered, this task primarily will consist of creating and assembling 
inventories of.existing material relevant to the study of climate 
stress and .its impacts. (See papers by Thedore K. Rabb, and by 
Richard A. Warrick and William E. Riebsame, Volume 11.) 

PRIORITY RESEARCH: : 

o Climate-Society Historical Data Bank. A 
major cooperative and multidisciplinary effort , 
linking historians with scientists from various 
disciplines, should produce a data bank of time 



series on climatic history. This data bank should 
span the 1.3th century to the present and incorporate 
state-of-the-art climatic information from 
contemporary records of temperature, precipitation, 
length of snow cover, windiness, and the incidence of 
extreme conditions such as frost, hail, floods, and 
drought. The  main focus of the data-collection effort 
should be on climate, soci-ety, and climatic impacts in 
Europe and North America, with the data separated 
according to regions and social structures. Data 
should be assembled as much as possible in time series 
and in a form that is suitably organized and 
synthesized to, aid analysis. The effor't should be 
.organized by an international, interdisciplinary team. 
The project would require a director, a 20-person 
interdisciplinary board of scholarly advisors, 
contributors at related centers, and a research team 
of two full-time assistants. The basic data bank 
could be assembled in a period of five to seven years 
and must be kept current thereafter. 

Biological scientists have identified a 
similar need for a bioclimatic data base. (Much of 
the social response to climate change will come about 
through changes in prodution of food and fiber -- and 
possibly through changes in sea level.) There would 
be considerable merit in simultaneous and parallel 
development of both data sets, with a view to exchange 
of information, multi-disciplinary work, and an 
eventual integration of results, so that networks of 
interactions -- between changes in the physical 
climate, the response of crops and other parts of the 
biosphere, and adaptation by social units -- can be 
viewed comprehensively, as it eventually must be. 

o Organizing Case :Studies. An opportunity 
exists for creating a network of case studies on 
climatic impacts . ,- This would include the following 
activities : :I) stock-taking of conceptual and 
methodological approaches to climate-impact 
assessment; 2) establishment of'a coordinating body or 
clearinghouse to keep researchers informed of other 
case-study activities and findings; and 3) a series of 
workshops in which researche.rs with commdn case-study 
interests could exchange data, ideas, and results, as 
well as sharpen common research questions. Also, 
there is need for a systematic inventbry of potential 
case studies.' It would be advisable to initiate the 
inventory on the basis of objective identification of 
climatic events, in terms of both long-term change.and 



short- term pe r tu rba t ions .  A cont inuous ,  coord ina ted  
e f f o r t  involv ing  h i s t o r i a n s ,  c l i m a t o l o g i s t s ,  and 
b i o l o g i c a l  and a g r i c u l t u r a l  s c i e n t i s t s  could overcome 
methodological  problems. A secondary inventory  could 
i nvo lve  i d e n t i f i c a t i o n  of s i t u a t i o n s  analogous t o  
c l i m a t i c  v a r i a t i o n  ( f o r  example, t he  migra t ion  of 
s e t t l e r s  t o  an un fami l i a r  c l i m a t i c  reg ion) .  A s  
p o t e n t i a l  case  s t u d i e s ,  t he se ' ana log ' i e s  could s e r v e  a s  
climate-change su r roga t e s  i n  p a r t i c u l a r  time and space 
c o n t e x t s  f o r  which we do not  have c l i m a t i c  even t s  on 
r eco rd .  

. 

Impacts on Soc i e ty  of Past  Climate Changes 

Global  and r e g i o n a l  c l ima te  changes w i l l  a f f e c t  d i f f e r e n t  s o c i e t i e s  -- 
and d i f f e r e n t  segments wi th in  s o c i e t i e s  -- i n  a  wide v a r i e t y  of ways. 
One way t o  determine the  range of impacts i s  t o  undertake ca se  s t u d i e s  
on how f a m i l i e s ,  p o l i t i c a l  i n s t i t u t i o n s ,  and s e c t o r s  such a s  
a g r i c u l t u r e  have been a f f e c t e d  by changing c l ima te s  i n . t h e  p a s t .  
Another promising method i s  t o  exp lo re  t he  l i nkage  of c l ima te  and - 
socioeconomic models. P o s s i b l e  s o c i a l  e f f e c t s  emerging from a  

. C02-induced c l ima te  change can be t r aced  out  f o r  l a t e r  i n c l u s i o n  i n  
s cena r io  e x e r c i s e s .  (See papers  by.Theodore K..  Rabb, and Richard A.  
Warrick and ~ i l l i a m  Riebsame, Volume 11. ) 

PRIORITY RESEARCH: 

o  Case S tud ie s  of E f f e c t s  of Climate Change on 
Soc i e ty .  Using information c o l l e c t e d  f o r  t h e  
c l ima te - soc i e ty  d a t a  bank and from o t h e r  sou rces ,  c a s e  
s t u d i e s  should be prepared about t h e  e f f e c t s  of 
c l i m a t e  changes on d i f f e r e n t  , s o c i e t i e s .  P o s s i b l e  
t o p i c s :  a g r i c u l t u r e ;  p a t t e r n s  o f  s e t t l emen t  and 
geographic  change; p o l i t i c a l  i n s t i t u t i o n s ,  economic 
development, and s o c i a l  r e l a t i o n s ;  and peop le ' s  
a t t i t u d e s  and images about t h e  f u t u r e .  Of p a r t i c u l a r  
importance f o r  understanding the  adap ta t i on  of 
i n d u s t r i a l  s o c i e t i e s  w i l l  be t he  s tudy  of t h e i r  
c l i m a t i c a l l y  'most vu lne rab l e  a r e a s .  Two such a r e a s  
a r e  Ice land  and the  Great P l a i n s  of t he  United S t a t e s .  
Sepa ra t e  r e sea rch  teams composed of a  d i r e c t o r ,  a  
r e s e a r c h  a s s i s t a n t ,  and a  board of s c h o l a r l y  a d v i s o r s  
should be assigned t o  each major t op i c .  Each team . 
should work c l o s e l y  wi th  t h e  r e s e a r c h e r s  compiling t h e  
c l ima te - soc i e ty  d a t a  bank . .  The e f f o r t  should t ake  
approximately f i v e  years .  



o Socioeconomic P r o c e s s  Models and Case 
S t u d i e s .  Impor tan t  r e s e a r c h  i n v o l v e s  t h e  l i n k i n g  of 
major  c l i m a t e  Hnd s o c i o e c o n o ~ i c  models.  Such models 
a r e  n o t  now i n t e r c o n n e c t e d  i n  a  manner t h a t  a l l o w s  u s  
t o  e s t i m a t e  t h e  socioeconomic impac t s  of c l i m a t i c  
f l u c t u a t i o n  o r  t o  e x p l o r e  t h e  e f f e c t s  of  a l t e r n a t i v e  
p o l i c y  o p t i o n s .  Development of me thodo log ies  f o r  
do ing  s o  r e p r e s e n t s  a  major r e s e a r c h  o p p o r t u n i t y .  A 
second r e s e a r c h  o p p o r t u n i t y  i n v o l v e s  t r a c i n g  t h e  
a c t u a l  pathways of c l i m a t i c  impact th rough  e m p i r i c a l  
c a s e  s t u ' d i e s .  T h i s  work i s  needed t o  b u i l d  and r e f i n e  
t h e  more t h e o r e t i c a l  models.  I n  a d d i t i o n ,  a n  
impor tan t  r e s e a r c h  component would be t h e  examina t ion  
o f  impact pathways over  t ime .  Such h i s t o r i c a l  
t i m e - s e r i e s  a n a l y s e s  should  be aimed a t  i d e n t i f y i n g  
t r e n d s  o f  c l i m a t i c  impact .  Th i s  p r o j e c t  shou ld  t a k e  
abou t  s i x  y e a r s  t o  complete .  

C u r r e n t  C l imate -S t ress  S u r r o g a t e  S i t u a t i o n s  

Many e v e n t s  , l e a d  t o  env i ronmenta l  changes t h a t  have some p r o p e r t i e s  
o f  c l imate- induced s t r e s s e s ,  and r e q u i r e  major a d a p t i v e  r e s p o n s e s  on 
t h e  p a r t  of a f f e c t e d  i n d i v i d u a l s ,  f a m i . l i e s ,  and communities.  They c a n  
b e  t r e a t e d  a s  c l i m a t e - s t r e s s  " s u r r o g a t e s . "  Some examples of  p o s s i b l e  
s u r r o g a t e s  a r e :  major  s e a s o n a l  d r o u g h t s ;  prolonged v e r y  h i g h  summer. ' 
t e m p e r a t u r e s ;  r a p i d l y  growing boom towns i n  i s o l a t e d ,  f r a g i l e  
environments ;  l a r g e - s c a l e  i n t e r n a t i o n a l  m i g r a t i o n s ,  t r i g g e r e d  by war 
o r  p o l i t i c a l  and s o c i a l  upheava l s ,  o r  a s s o c i a t e d  w i t h  famine o r  
n a t u r a l  d i s a s t e r s ;  env i ronmenta l  changes  a s s o c i a t e d  w i t h  chemical  
p o l l u t i o n  o r  r a d i a t i o n ;  c o n d i t i o n s  of long-term s o i l  e r o s i o n  o r  l o s s  
o f  s o i l  o r g a n i c  m a t t e r  from e x c e s s  t i l l a g e ;  and n a t u r a l  d i s a s t e r s  w i t h  
long-term env i ronmenta l  consequences ,  such  a s  v o l c a n i c  e r u p t i o n s .  

Teams shou ld  e n t e r  a n  a r e a  f o r  v a r y i n g  l e n g t h s  of t ime  t o  
o b s e r v e  how f a m i l i e s  and community i n s t i t u t i o n s  a r e  a f f e c t e d  by s t r e s s  
s i t u a t i o n s  such  a s  t h o s e  d e s c r i b e d  above.  The comparison o f  d a t a  from 
d i f f e r e n t  s t u d i e s  w i l l  e n a b l e  i d e n t i f i c a t i o n  of  t h e  s t r e n g t h s  and 
weaknesses  of  d i f f e r e n t  r e sponse  u n i t s ,  p a r t i c u l a r l y  t h e  f a m i l y  u n i t  
and l o c a l  and n a t i o n a l  governmental  u n i t s .  No p r i o r i t y  r e s e a r c h  a r e a s  
w i l l  be s p e c i f i e d  h e r e  because  t h e s e  w i l l  be g e n e r a t e d  by Workshop 2. 
It i s  proposed,  however, t h a t  t h e  Department of  Energy and t h e  
N a t i o n a l  S c i e n c e  Foundat ion j o i n t l y  fund a  Quick Response Program f o r  
o n - s i t e  s t u d y  of c l i m a t e - s t r e s s  s u r r o g a t e  e v e n t s .  T h i s  shou ld  u t i l i z e  
t h e  e x p e r i e n c e  a l r e a d y  developed by Wil l iam Anderson a t  NSF (NSF 
I m p o r t a n t  N o t i c e  Number 82 ,  " S p e c i a l  r e s e a r c h  o p p o r t u n i t i e s  a s s o c i a t e d  
w i t h  t h e  M t .  S t .  Helens  e r u p t i o n " )  w i t h  t h e  M t .  S t .  Helens  "quick 
response"  program and by o t h e r  o r g a n i z a t i o n s  t h a t  have s e n t  q u i c k  
r e s p o n s e  teams t o  o b s e r v e  n a t u r a l  d i s a s t e r s .  The summer h e a t  wave of  
1980 i n  t h e  midwest i s  a  good example of a s i t u a t i o n  s u i t a b l e  f o r  



o n - s i t e  i n v e s t i g a t i o n s  . The p h y s i c a l  o r  b i o l o g i c a l  phenomena 
a s s o c i a t e d  w i t h  d i s a s t e r s  have r e c e i v e d  t h e  most s t u d y ;  t h e  behav ior  
o f  s o c i a l  u n i t s  a s  t h e y  respond o r  a d a p t  t o  t h e  phenomena h a s  been a  
secondary .  concern.  The focus  f o r  t h i s  program should  be on s o c i a l  
behav ior .  

S o c i e t a l  Response Mechanisms 

S o c i e t i e s  faced  w i t h  c l i m a t e  changes  i n  t h e  p a s t  have been f o r c e d  t o  
a d j u s t  -- o r  p e r i s h .  These a d j u s t m e n t s ,  o r  a d a p t a t i o n s ,  have t aken  a  
v a r i e t y  of forms,  r a n g i n g  from mi.grataion. t o  t h e  development of ' 
i n n o v a t i v e  new t e c h n o l o g i e s  o r  s o c i a l  s . t r u c t u r e s .  How s o c i e t i e s  have 
responded t o  c l i m a t e  changes  shou ld  be t h e  s u b j e c t  o f  i n t e n s e  
s c r u t i n y .  Were t h e  r e s p o n s e s  . c o n s c i o u s l y  promulgated,  o r  ad hoc? 
What r o l e  d i d  p o l i t i c a l  i n s t i t u t i o n s  pl.ay? Was t h e  development of new 
t e c h n o l o g i e s  encouraged t o  d e a l  w i t h  c l i m a t e  change,  o r  d i d  such 
development evo lve  and g e t  p icked up a s  an  a d a p t i v e  mechanism? Did ' 

people  v o l u n t a r i l y  change , t h e i r  way of l i v i n g  and a c c e p t  new 
i n n o v a t i o n s ?  .These and many o t h e r  response  mechanisms w i l l  have a  
d i r e c t  b e a r i n g  i n  t h e  n e x t  c e n t u r y  i f  r i s i n g  C02 l e v e l s  l e a d  t o  an  
a l t e r e d  environment.  

A s i g n i f i c a n t  p r o p o r t i o n  of s o c i a l  r e s p o n s e s  t o  a  changing 
c l i m a t e  would come from nongovernmental  s o u r c e s .  I n  t h e  c a s e  of l o c a l  
and r e g i o n a l  c l i m a t e  change,  t h e  p r i v a t e  s e c t o r  may d e v i s e  s o l u t i o n s  
f a r  more f l e x i b l e  and workable f o r  l o c a l  c o n d i t i o n s  t h a n  could  any 
d i s t a n t  government body. C o o p e r a t i v e s  may be formed t o  i n c r e a s e  
a g r i c u l t u r a l  p roduc t ion  o r  t o  s h a r e  new t e c h n o l o g i e s .  An assessment  
o f  l o c a l  c a p a b i l i t i e s  f o r  s o l v i n g  problems u s i n g  v o l u n t a r y  
o r g a n i z a t i o n s  ( i n c l u d i n g  c i v i c ,  c u l t u r a l ,  you th ,  and s e r v i c e  
o r g a n i z a t i o n s ,  c h u r c h e s ,  l a b o r  u n i o n s ,  p r e c i n c t  o r g a n i z a t i o n s ,  and 
spec ia l -purpose  a s s o c i a t i o n s  of women, t h e  e l d e r l y ,  and m i n o r i t y  
g roups)  would r e v e a l  r e s o u r c e s  n o t  o r d i n a r i l y  thought  of i n  c o n n e c t i o n  
w i t h  problems of  env i ronmenta l  stress. The e x t e n t  t o  which market 
mechanisms can produce s o l u t i o n s  t o  c l i m a t e - s t r e s s  problems should be 
exp lored  i n  c o o p e r a t i o n  w i t h  t h e  s c e n a r i o - b u i l d i n g  e x e r c i s e s .  Another 
t o p i c  would be t o  examine t h e  c a p a b i l i t i e s  of c e r t a i n  i n d u s t r i e s ,  such 
a s  t h e  i n s u r a n c e  i n d u s t r y ,  t o  c r e a t e  s t r e s s  b u f f e r s .  (See p a p e r s  by 
Richard Warrick and Wil l iam E. Riebsame, and Wil l iam I. Tor ry ,  Volume 
1 1 . )  

PRIORITY RESEARCH 

o  S o c i a l  R e s p o n s e s , t o  Cl imate  Change. A  team 
of s o c i a l  s c i e n t i s t s  should  s t u d y  how human. s o c i e t i e s  
have responded t o  c l i m a t e  change ( o r  s u r r o g a t e s ) .  
They shou ld  draw on t h e  r e s e a r c h  of , t h e  
c l i m a t e - s o c i e t y  d a t a  bank and t h e  c a s e  s t u d i e s  of 
e f f e c t s  of c l i m a t e  change on s o c i e t y .  The e f f o r t  



should be divided into six major categories with the 
following questions: .I) How has awareness of change 
developed, and how has it led to action? 2) How have 
ad hoc adaptations operated? 3) Have deliberate, 
planned responses differed significantly in their 
efficacy from more spontaneous responses? 4) How have 
localities responded, by location, size, and duration 
of the stress? 5) How have regional or national 
authorities responded? 6) What are the ingredients of 
successful responses? The research team should 
consist of a director, two assistants, and an advisory 
board of scholars from all relevant disciplines. The 
research will take approximately fi.ve years. 

o Audit of Past Res~onse Strategies. A major 
research opportunity lies in conducting empirical 
analyses of past adjustment strategies. The purpose 
would be to gain understanding of their effectiveness 
in actual use . beyond theoretical or normative 
evaluations. The focus should be on studies that 
relate directly to a C02-induced climate change,.such 
as drought adjustment in the United States, Canada, 
and the Australian Plains. Knowledge of the efficacy 
of adjustive mechanisms is important for the 
development of strategies for coping with climate 
change. 

o Community Self Help. As disussed in 
Section 11, climate changes may alter the location and - 

, modify important features of agricultural regions, 
forest belts, rangelands, and fisheries. Established 
ways of using land and exploiting its products may 
become untenable. New forms of cooperation that 
involve the social and spatial organization of 
settlements, the production and marketing of food, the 
tenure and protection of land, and the delivery of 
welfare benefits will probably be called for. The 
study of various forms of "self-help" should be 
undertaken. In rural areas, cooperatives, 
resettlement schemes, land-reform, and experiments 
with industrial and biomass energy sources as 
alternatives to traditional agricultural production 
shoul d be investigated. In urban areas, the 
development of neighborhood-association movements 
should be examined. A comparative survey of self-help 
organizations in countries where they have been 
effective should be conducted by a team which includes 
sociologists and economists with rural and urban 
development experience. 



o Community S t r e s s  S tud ie s .  Households and 
t h e i r  environments ( i . e . ,  t h e  network of households ,  
commercial, c i v i c ,  and : , c u l t u r a l  i n s t i t u t i o n s ,  and 
a d m i n i s t r a t i v e  agenc i e s ) ' p rov ide  a  focus f o r  t h e  s tudy  
of  community s t r e s s .  F i e l d  r e sea rch  i n  t h e  United 
S t a t e s  and surveys of an th ropo log ica l  r e sea rch  on 
r u r a l  n o n i n d u s t r i a l  communities would put i n t o  
comparative pe r spec t ive  t he  s o c i a l  and e c o l o g i c a l  
p r o p e r t i e s  of climate-change s u r r o g a t e s  ( e .g . ,  wars,  
epidemics ,  d roughts ,  f l o o d s ,  and h u r r i c a n e s ) .  The 
fo l lowing  ques t i ons  should be addressed:  How do 
households pe rce ive  and use t h e i r  own a s s e t s  i n  s t r e s s  
s i t u a t i o n s  and what s i g n a l s  do they send o u t  t o  t h e  
community? What a r e  t h e  t r a d i t i o n a l  inter-household 
sha r ing  devices?  How do governments and markets 
r e l a t e  t o  t he  household adap t ive  s t r a t e g i e s  and what 
p o l i t i c a l  o r  i d e o l o g i c a l  p r ecep t s  gu ide  t h a t  
r e l a t i o n s h i p ?  Which responses  a r e  b u f f e r s  and which 
amplify s t r e s s ?  What prompts communities t o  use 
t echno log ica l  innovat ion  a s  a  response,  compared t o  
those  t h a t  use migration'! lJho a r e  t he  innovat ing  
r i s k - t a k e r s  i n  a  community and how do o t h e r s  respond 
t o  t he  innovators?  I f  p o s s i b l e ,  r e s e t t l e m e n t  
communities should be examined t o  understand t h e  
s p e c i a l  a d a p t a t i o n s  r equ i r ed  by s e t t l e m e n t ,  

o  Family S t r e s s  S tud ie s .  Research would look 
a t  t h e  fami ly  a s  a  s o c i a l  system under stress, i n  
c o n t r a s t  t o  t he  previous r e sea rch  a r e a ,  which proposes 
t o  examine networks of households i n  i n t e r a c t i o n .  The 
primary responder t o  c l ima te  stress i s  t h e  family.  
Whether we a r e  t a l k i n g  about t h e  nuc l ea r  fami ly ,  t h e  
extended fami ly ,  o r  a l t e r n a t i v e  household groupings,  
t h e s e  a r e  tho u n i t s  t h a t  make t h e  day-to-day 
a d a p t a t i o n s  t o  change. Husbands, wives,  c h i l d r e n ,  and 
extended fami ly  members a l l  p a r t i c i p a t e  i n  a  
r e s t r u c t u r i n g  of r o l e  p a t t e r n s .  The succes s  of t h i s  
r e s t r u c t u r i n g  depends on we l l - e s t ab l i shed  
c h a g a c t e r i s t i c s  of fami ly  o r g a n i z a t i o n  and 
i n t e g r a t i o n .  

Research on fami ly  adap ta t i on  t o  s t r e s s  has  a  
50-year t r a d i t i o n ;  r e sea rch  has  been done on 
fami ly- leve l  adap ta t i on  t o  t h e  Depression,  t o  wartime 
s e p a r a t i o n  and o the r  war-related traumas, and t o  
n a t u r a l  d i s a s t e r s .  This  r e sea rch  should be drawn upon 
i n  des ign ing  the  f i e l d  r e sea rch  p r o t o c o l s .  I n  
c o n t r a s t  t o  the  quick-response surveys of f a m i l i e s  
exper ienc ing  r e l a t i v e l y  sudden s t r e s s ,  in-depth 
s t u d i e s  should be undertaken of f a m i l i e s  f ac ing  
long-term environmental s t r e s s .  The adap t ive  behavior  



of farm families in areas of soil erosion, the 
depletion of soil organic matter and resultant loss of 
fertility, and recurring drought should be examined 
from a family perspective. The family restructures 
its practices to cope with the pressures of an 
environmental crisis. Family adaptation in 
climate-change surrogate situations, such as boom 
towns and possibly chemically damaged environments, 
should also be investigated. The project would take 
three years to complete and would require one 
full-time coordinator, three directors of field 
research, and six research assistants. 

Governmental Response Mechanisms 

Given the policy overload that already exists in much of the federal 
bureaucracy -- the surfeit of problems demanding attention, and 
limitations on the time and attention of key government officials -- 
it is essential to examine alternatives to policies that impose 
further burdens on the government. Regulatory measures may be 
necessary to cope with aspects of C02 effects that cause conflicts, 
but some combination of market incentives and regulatory requirements 
may be more effective in achieving adjustment goals. In any case, the 
proper balance between government intervention and nongovernmental 
mechanisms is an important area of institutional design and the 
current research effort would benefit from careful exploration of I 

alternative mixtures. 

A C02-induced climate change will more likely be a process of I 

changing environmental conditions, rather than an emergency. 
Nonetheless, a major role of governments is to respond to emergencies, 
including droughts, floods, and hurricanes, and to prevent looting and 
assist in reconstruction in the event of these and other natural 
disasters. Exactly how governments in different societies have 
responded to emergencies would also be a fruitful research area, as it 
would reveal the institutions and mechanisms available for coping with 
social stress, whether it be a rapid event or a slowly evolving 
climatic condition (which could also be accompanied by weather 
extremes). 

Many strategies for responding to C02-induced climate change 
could also increase our ability LO deal with other social problems. 
Demonstrating linkages between climate change and other problems will 
increase the likelihood that promising adaptive strategies will be 
implemented. It 1s entirely possible that we can make prsgress toward 
desirable social goals at the same time we are increasing our ability 
to cope with climate change. (See papers by Dean Mann, Edith Brown 
Weiss, and William I. Torry, Volume 11.) 



PRIORITY RESEARCH: 

o  Linkages wi th  Other Po l i cy  Problems. 
Research e s t a b l i s h i n g  l i nkages  among C02 s t r a t e g i e s ,  
o t h e r  resource  problems, and n a t i o n a l  aims could 
f a c i l i t a t e  adopt ion and more e x p l i c i t l y  meet t h e  
p r i o r i t i e s  of n a t i o n a l  goa l s .  For example, how might 
s t r a t e g i e s  f o r  coping wi th  c l ima te  change, r educ t ion  
o  f  a g r i c u l t u r a l  drought hazard ,  and 
economic-development aims be i n t e g r a t e d  and 
implemented i n  the  t i e r  of sub-Saharan developing 
c o u n t r i e s ?  The C02 i s s u e  probably w i l l  be perceived 
i n  many p a r t s  of t he  world:, a s  a  problem f a r  t h e  
fa r -of f  f u t u r e .  The chances of  responses  t h a t  b e n e f i t  
t h e  e n t i r e  g loba l  community f ac ing  c l imate  change 
would be enhanced cons iderab ly  by l i n k i n g  C02 t o  
o t h e r ,  be t te r - recognized  problems. Researchers  
r e p r e s e n t i n g  var ious  d i s c i p l i n e s  should i n v e s t i g a t e  
p o s s i b l e  l i nkages  between the  C02 i s s u e  and o t h e r  
s o c i a l  problems. 

o  Encouragement of Technological  Innovat ion  
f o r  P o l l u t i o n  Control.. Research should cons ider  
pub l i c  p o l i c i e s  i n  d i f f e r e n t  n a t i o n s  which encourage 
t echno log ica l  innovat ion  t o  d e a l  wi th  s p e c i f i c  
p o l l u t i o n  problems. Th i s  may l ead  t o  sugges t ions  on 
how t o  encourage the  development of t echnologies  t o  
c o n t r o l  C02 emissions.  Innovat ion a t  t h e  n a t i o n a l  
l e v e l  i s  f r e q u e n t l y  encouraged ,  by d i r e c t  i n c e n t i v e s  
(e .g . ,  t he  computer and nuc lear  power programs i n  
France)  o r  by' r e g u l a t i o n  ( e .g . ,  t h e  r e g u l a t o r y  
po ' l i c i e s  involv ing  au to  mileage and emissions i n  t he  
U.S.). This  r e sea rch  would , t a k e  approximately two 
y e a r s  and should be conducted by a r e sea rche r  f a m i l i a r  
wi th  i n t e r n a t i o n a l  law and r e g u l a t i o n .  

o  Research on "Cas tas t rophes ."  Emergency 
o p e r a t i o n s  a r e  v i t a l  f o r  p revent ing  and m i t i g a t i n g  
c r i s e s  of. s c a r c i t y  -- such a s  those i n s t i g a t e d  by 
s t r e s s e s  of c l ima te  -- and involve  t h e  d i s t r i b u t i o n  of 
s u p p l i e s  and s e r v i c e s  t o  v i c t ims .  Research i n  t h i s  
a r e a  should be r e l a t e d  t o  t h e  quick response s t u d i e s  
suggested e a r l i e r ,  but with more emphasis on . . 
longer-range,  t o t a l  systems r e sea rch .  Research on 
emergency ope ra t i ons  i n  t h e  United S t a t e s  and i n  o t h e r  
s o c i e t i e s -  should recognize t h a t  t h e  p o s s i b l e  e f f e c t s  
of  a  C02-induced c l ima te  change may involve slow, 
b a r e l y  p e r c e p t i b l e  changes i n  t h e  mean, a s  wel l  a s  
weather "events"  -- such a s  hea t  waves o r  droughts .  
Research should be conducted' '  by a  team of s o c i a l  
a n t h r o p o l o g i s t s ,  geographers;  s o c i a l  p sycho log i s t s ,  
and p o l i t i c a l  s c i e n t i s t s , , a n d  should i nc lude  a  s e r i e s  
of  r e l e v a n t  ca se  s t u d i e s  .' 



International System 

Climate models indicate thd 'different regions will be affected in 
different ways by a C02-induced climate change. Some regTons may 
benefit from such a change. The Soviet Union, for example, may 
experience longer growing seasons in its northern regions; Bangladesh 
and India may benefit,from more regular monsoons; rice production in 
China may increase. On the other hand, some nations may suffer 
because of changing climate conditions. The internationa1,aspects of 
the C02 question are thus extremely complex. Will nations voluntarily 
abate C02 emissions? Can international agreements be devised to 
accommodate migration and other adjustments? Will the balance of 
economic and political power shift under new climatic regimes? What 
kinds of conflict-resolution mechanisms and skills will be needed to 
avoid resort to armed conflict by aggrieved nations? Will general 
circulation models or other sources of climate information be refined 
enough to predict reliably how different regions will be affected by 
climate change? These and other issues merit serious consideration by 
social scientists. The answers are likely to alter the directions of 
physical science research as well. (See paper by Edith ~ r o h  Weiss, 
Volume 11.) 

PRIORITY RESEARCH: 

o Impacts of Differential Distribution of 
Climate Resources on the Global System. What are the 
probable global-spatial distributions of climate 
impacts under given climate scenarios? Will 
climate-related perturbations such as droughts and 
tropical cyclones act to further increase or decrease 
the discrepancies between rich and poor nations, given 
the present global economic system? C02-induced 
climate change may alter the frequencies of such 
events in the future, but information on the events 
themselves, the nature of their impacts, and the 
implications for global equity is available now. In 
light of the difficulties physical scientists will 
continue to have in specifying details of future 
climate changes, and the difficulties social 
scientists will have in predicting accompanying social 
changes, an alternative is to assess past global 
trends in climate impacts in order to ascertain the 
possible directions or magnitudes of impact. 
Historical case studies of past climate-related 
changes in key food-producing areas of the world could 
provide valuable clues to future developments in world 
provisioning. This may also throw light on the 
international repercussions of future climate 
perturbations in food production and distribution, and 
the areas where the potential for famine and 
catastrophe is now building. 



o Regulat ion of Trans-Boundary P o l l u t i o n .  One 
way t o  s tudy  i n t e r n a t i o n a l  a s p e c t s  of t h e  C02 i s s u e  i s  
t o  regard C02 a s  a subs tance ,  t h e  emission of which by 
one count ry  could p o t e n t i a l l y  harm another .  The 
s i t u a t i o n  then becomes somewhat s i m i l a r  t o  
t ransboundary p o l l u t i o n  c a s e s ,  such a s  t h e  T r a i l  
Smelter A r b i t r a t i o n  between t h e  United S t a t e s  and 
Canada. and o the r  c u r r e n t  n a t i o n a l  and r e g i o n a l  a i r  and 
water p o l l u t i o n  problems. I n  t h i s  c o n t e x t ,  we should 
examine U.S. experience wi th  an ambient a i r  q u a l i t y  
s t anda rd  and p o l l u t a n t - s p e c i f i c  emission s t anda rds  t o  
c o n t r o l  a i r  p o l l u t i o n  and European e f f o r t s  t o  c o n t r o l  
water  p o l l u t i o n  on the  'Rhine. :The a c i d  r a i n  problem 
I n  Europe and between Canada arid t he  United Sca t e s  
r a i s e s  s i m i l a r  i s s u e s .  What new i n t e r n a t i o n a l  
mechanisms w i l l  be needed t o  d e a l  with t he se  problems, 
and what a r e  t h e  processes  by which t h e s e  mechanisms 
may be developed? 

o Changing I n t e r n a t i o n a l  Balance of Economic 
and P o l i t i c a l  Power. A warming t rend  can be viewed 
a s  a long-term process  which may' a f f e c t  comparative 
economic advantage. There a r e  many e l a b o r a t e  codes on 
t r a d e  p r a c t i c e  which have been s e t  up t o  cope with 
consequences of s h i f t s  i n  comparative advantage among 
developed c o u n t r i e s .  These codes a r e  concerned wi th  
s u b s i d i e s  and coun te rva i l i ng  d u t i e s .  - There a r e  a l s o  
domestic arrangements -- d i s l o c a t i o n  al lowances,  among 
o t h e r s  -- t o  cope wi th  t he  human consequences of 
obsolescence.  Cl imat ic  warming can a l s o  be regarded 
a s  a long-term trend a f f e c t i n g  the  balance of 
p o l i t i c a l  power between c o u n t r i e s .  One example of 
s u b s t a n t i a l  s h i f t s  i n  p o l i t i c a l  power fol lowing 
economic change i s  found i n  t he  g r e a t e r  i n f luence  of 
OPEC c o u n t r i e s  on the  . i n t e r n a t i o n a l  system a f t e r  1973 .  
S t u d i e s  of comparable pas t  s h i f t s  i n  t h e  i n t e r n a t i o n a l  
balance of power, and of t h e  processes  involved ,  
should be undertaken t o  deve lop .  s c e n a r i o s  of a 
peace fu l  adap ta t i on  t o  change i n  t he  balance of power. 
The p r o j e c t  des ign  and budget should be developed i n  
Workshop 5. (See a l s o  C o n f l i c t  and Mediation 
Processes ,  l i s t e d  i n  the. nex t  r e sea rch  a r e a . )  

Risk Pe rcep t ion ,  . Information,  and Decision Making 

A p i v o t a l  a spec t  of t he  C02 ques t i on  involves  how people i n  d i f f e r e n t  
c u l t u r e s  perce ive  s c i e n t i f i c  and o the r  in format ion  and make d e c i s i o n s  
regard ing  adap ta t i on  o r  ' o t h e r  responses  t o  c l ima te  change. This  
i nvo lves  no t  on ly  l a y  people ,  but  a l s o  t he  many k inds  of e x p e r t s  who 



provide information on c l ima te  changes o r  s o c i e t a l  responses  and t h e  
policymakers a t  a l l  l e v e l s  of s o c i e t y  who dec ide  how t o  a c t  on t h a t  
in format ion .  This  a spec t  of t h e  C02-climate . i s s u e  r a i s e s  many 
provoca t ive  and r e sea l chab le  ques t i ons  i n  t h e  f i e l d  of s o c i a l  
psychology. How approp r i a t e  a r e  t he  judgments of e x p e r t s  and d e c i s i o n  
makers? Where do persona l  b i a s e s  c r eep  i n t o  expe r t  judgments? What 
kind of information does t he  publ ic  need t o  comprehend t h e  knowns and 
unknowns of t he  C,02-climate i s s u e ?  How w i l l  f a m i l i e s  perce ive  t he  
i s s u e  and make dec i s ions  regard ing  t h e i r  way of l i f e ?  These and o t h e r  
concerns mer i t  resear 'ch so  t h a t  outcomes and op t ions  r e l a t e d  t o  C02 
i s s u e s  can be b e t t e r  explained by , e x p e r t s  -- and comprehended' by 
d e c i s i o n  makers and , t . he  gene ra l  publ ic .  (See paper by Baruch 
Fischhoff  and L i t a  Furby, and Ed i th  Brown Weiss, Volume 11.)  

PRIORITY' :RESEARCH: 

o  Percept ions  by Nontechnical Persons of C02: 
P r e s e n t a t i o n ' o f  Information.  An important  and complex 
p r o j e c t  involves  understanding and improving 
nontechnica l  policymakers '  percept ions  of t h e  f a c t s  of 
C02-induced c l imate  change o r  i t s  impacts.  Among the  
primary r e sea rch  ques t i ons  f o r  such a  s tudy  a r e :  How 
do l a y  policymakers i n t e r p r e t  t he  in format ion  
presented t o  them by e x p e r t s ?  Is t h i s  tes t imony about 
c l ima te  c o n s i s t e n t  wi th  t h e i r  ' d i r e c t  sensory 
exper ience  of wea ther ' and  i t s  impacts? I f  n o t ,  how a r e  
t h e  c o n f % i c t s  reso lved?  What k inds  of in format ion  
cause t he  g r e a t e s t  d i f f i c u l t i e s  f o r '  pub l i c  
understanding? How can such problems be remedied, s o  
t h a t  a u t h o r i t i e s  can make the  b e s t  use of t h e i r  own 
exper ience?  A s tudy  .examining these  i s s u e s  should 
produce t h e  fol lowing products :  s c i e n t i f i c  papers  
extending e x i s t i n g  judgment work t o  percept ion  of 
long-range c l ima te  change and opening new re sea rch  
a r e a s ;  surveys of pub l i c  knowledge and opin ion  on 
C02-induced c l ima te  change and i t s  p o t e n t i a l  ' impact; 
and guides  f o r  e x p e r t s  on p re sen t ing  c l ima te  
i n fo rma t ion , , and  b u l l e t i n s  t o  e x p e r t s  on what t h e  
pub l i c  wants t o  know. P a r t i c i p a t i n g  d i s c i p l i n e s  
should i nc lude  psychology, soc io logy ,  and 
anthropology,  p lu s  some t e c h n i c a l  c o n s u l t a t i o n  with 
c l i m a t o l o g i s t s  and survey r e s e a r c h e r s .  The i n i t i a l  

. s t a g e  of t h e ,  c l imate  r e sea rch  program should p l ace  
heavy emphasis on t h i s  r e sea rch  a r e a  so  a s  t o  
e s t a b l i s h  t he  groundwork f o r  e f f e c t i v e  d i ssemina t ion  
of l a t e r  products  of t h e  program. This  r e sea rch  would 
r e q u i r e  four  t o  f i v e  person-years per year. over  f i v e  
y e a r s ,  and should be followed by an a p p r a i s a l  of 
p rogress  and needs.  Addi t iona l  resources  would be 
needed i f  r e p r e s e n t a t i v e  surveys o r  broad educa t iona l  
programs a r e  conducted. 



o  Judgment and Role of Experts .  Where do 
. ... .- 

s u b j e c t i v e  judgments e n t e r  i n t o  s c i e n t i f i c  ana lyses?  
How e x p l i c i t  a r e  those judgments? How we l l  do e x p e r t s  
i d e n t i f y  and a s s e s s  such judgments? Can we make 
b e t t e r  use of e x p e r t s  by having a  b e t t e r  a p p r e c i a t i o n  
of  t h e  l i m i t s  of t h e i r  a b i l i t i e s ?  These and s i m i l a r  
ques t i ons  have d i r e c t  bear ing  on t h e  C02 i s s u e .  
Technica l  papers  should be commissioned r e p o r t i n g  t he  
r e s u l t s  of r e sea rch  on the  n a t u r e  and q u a l i t y  of 
e x p e r t  judgment i n  a s s e s s i n g  the  f a c t s  about 
C02-related i s s u e s .  - Guides should be w r i t t e n  
t r a n s l a t i n g  t h e  conc lus ions  of t he se  t e c h n i c a l  r e p o r t s  
i n t o  a  form u s e f u l  f o r  policymakers o u t s i d e  t h e  expe r t  
community ( i . e . ,  government, t he  nontechnica l  p u b l i c ,  
i n t e r v e n o r s ,  s o c i a l  c r i t i c s ) .  F i n a l l y ,  r e sea rch  can 
h e l p  develop p r a c t i c a l  procedures  f o r  b e t t e r  
e x p l o i t i n g  the  educated i n t u i t i o n s  of e x p e r t s .  
P a r t i c i p a t i n g  d i s c i p l i n e s  i n  such an  e f f o r t  should 
i nc lude  psychology, s t a t , i s t i c s ,  and cogn i t i ve  s c i ence .  
A s e r i o u s  commitment t o ,  t h i s  r e sea rch  a r e a  would 
r e q u i r e  an  investment of 3-4 person-years of a  
p r i n c i p a l  i n v e s t i g a t o r  over a  10-year per iod  dur ing  
which a p p l i c a t i o n s  would assume an inc reas ing  r o l e  and 
methodology and d a t a  a n a l y s i s  would diminish.  
Workshop 4 should suggest  a  p r o j e c t  des ign  and budget. 

o  Understanding How A l t e r n a t i v e  Responses t o  
Climate Change Are Evaluated.  Even i f  c r e a t i v e  
responses  t o  t he  C02 i s s u e  a r e  devised ,  i t  i s  n o t  
c l e a r  t h a t  t he se  can be implemented. Much depends on 
how t h e  publ ic  e v a l u a t e s  va r ious  op t ions  put be fo re  
i t .  This  r a i s e s  complicated ques t i ons :  How do peoplc 
combine mu l t i p l e  and c o n f l i c t i n g  r i s k s  and b e n e f i t s  of 
va r ious  op t ions  i n t o  a  s i n g l e  dec i s ion?  How can 
opin ions  on these  i s s u e s  be a c c u r a t e l y  e l i c i t e d  so  a s  
t o  inform government o f f i c i a l s ?  F i n a l l y ,  how can 
f a u l t y  e l i c i t a t i o n  methods (ask ing  t h e  wrong 
ques t i ons ,  o r  ask ing  them the  wrong way) d i s t o r t  t h e  
va lues  expressed through them? An examinat i o n  of 
t h e s e  i s s u e s  should produce methods f o r  surveying 
a t t i t u d e s  toward the  consequences of c l ima te  change 
and op t ions  f o r  d e a l i n g  wi th  them. Also, t h e r e  should 
be ana lyses  i n t e r p r e t i n g  what t h e  pub l i c  wants ,  what 
i t  might want i f  b e t t e r  informed, and what t h e  
consequences would be of adopt ing  p o l i c i e s  c o n s i s t e n t  
wi th  those  d e s i r e s .  P a r t i c i p a t i n g  d i s c i p l i n e s  should 
i nc lude  ~ s ~ c h o l o g ~  Y soc io logy ,  phi losophy,  
anthropology,  and economics. Workshop 4 should 
develop t h e  p r o j e c t  de s ign  and budget.  



o C o n f l i c t  and Mediation Processes  Re la t i ng  t o  
Climate Change. Climate change could p i t  n a t i o n  
a g a i n s t  n a t i o n  and grohp a g a i n s t  group, because a s  
some reg ions  "win" and o t h e r s  " l o s e , "  c o n f l i c t s  and 
dilemmas a r e  l i k e l y  t o  be c r e a t e d ,  o r  e x i s t i n g  ones 
w i l l  be exacerbated.  What k inds  of m i s t r u s t  and 
misunderstanding might emerge, and how might they be 
avoided? Can frameworks o r  op t ions  be devised f o r  
c o n f l i c t  r e s o l u t i o n ?  Research dea l ing  wi th  t h e s e  
i s s u e s  should at tempt  t o  produce new ways of s tudying  
r e sou rce  d i s t r i b u t i o n  dec i s ions ;  s t u d i e s  of a c t u a l  
d i s t r i b u t i o n a l  judgments and behavior ;  and a  
comprehensive d e l i n e a t i o n  of t h e  ways t h e s e  i s s u e s  a r e  
addressed i n  ' d i f f e r e n t  c u l t u r e s  : and d i f f e r e n t  
h i s t o r i c a l  per iods .  P a r t i c i p a t i n g  d i s c i p l i n e s  should 
i nc lude  psychology, , p o l i t i c a l  s c i ence ,  soc io logy ,  
economics, phi losophy,  and h i s t o r y .  

o Climate Research Feedback t o  Policymaking 
Bodies. Research i s  needed on how t h e  r e s u l t s  of 
c l imato logy  can be made cont inuous ly  a v a i l a b l e  t o  
r e l e v a n t  policymaking bodies  a t  n a t i o n a l  and 
i n t e r n a t i o n a l  l e v e l s .  S i m i l a r l y ,  c l i m a t o l o g i s t s  and 
those  involved wi th  c l ima te  impacts s t u d i e s  need t o  be 
cont inuous ly  informed regard ing  t h e  k inds  of 
in format ion  needed by governmental a u t h o r i t i e s  and 
policymakers and t h e  most h e l p f u l  ways of p r e sen t ing  
t h i s  in format ion ,  t ak ing  account of t h e  i nhe ren t  
u n c e r t a i n t i e s  of t h e  s c i ences  involved.  Case s t u d i e s  
should be researched ,  f o r  example, regard ing  t h e  
impact of advances i n  s t r a t o s p h e r i c  chemistry on t h e  
use of a e r o s o l s .  . 

E f f e c t s  on Human Heal th  

Increased  atmospheric C02 l e v e l s  and the  r e s u l t a n t  c l ima te  change w i l l  
profoundly i n f luence  cond i t i ons  of h e a l t h  and d i s e a s e .  Impacts w i l l  
be f e l t  i n  n u t r i t i o n ,  i n sec t - t r ansmi t t ed  and o t h e r  t r a n s m i s s i b l e  
d i s e a s e s ,  water f o r  s a n i t a t i o n  and hygiene,  migra t ion  and s t r e s s ,  and 
hea l th - r e l a t ed  t echno log ica l  e f f e c t s  ( f o r  example, increased  use of  
p e s t i c i d e s )  of t r y i n g  t o  counter  b i o l o g i c a l  changes. The s e v e r i t y  and 
e x t e n t  of a l l  such impacts w i l l  depend upon t h e  n a t u r e  of t h e  c l ima te  
change. 

The Nat iona l  Ocean and Atmospheric Adminis t ra t ion  has  
es t imated  t h a t  t he  excep t iona l ly  ho t  summer of 1980 i n  t h e  c e n t r a l  and 
southern  United S t a t e s  r e s u l t e d  i n  a t  l e a s t  2000 dea ths  t h a t  o therwise  
would not  have occurred.  A r i s e  i n  average temperature  i n  t h i s  reg ion  
of  s e v e r a l  degrees  c e n t i g r a d e  is  p ro j ec t ed  from c l ima te  models f o r  a  
doubl ing of a tmospheric  carbon d ioxide .  This  could r e s u l t  i n  summer 
temperatures  dur ing  excep t iona l  yea r s  much h igher  than those 
experienced i n  1980. Correspondingly, t h e  e f f e c t s  on human m o r t a l i t y  
and morbid i ty  might be much more severe .  



Climate change t r i g g e r e d  by increased  C02 could cause f l oods  
and droughts  l ead ing  t o  m a l n u t r i t i o n  and famine which would i n  t u r n  
c l e a r l y  impact upon human h e a l t h .  I f  c l i m a t i c  warming causes  
d i s i n t e g r a t i o n  of t h e  West An ta rc t i c  i c e  shee t  and a  consequent rise 
i n  sea l e v e l s ,  t h e , r i c h e s t  and most dense ly  populated a g r i c u l t u r a l  
l a n d s ,  i nc lud ing  t h e  d e l t a s  and much of t h e  v a l l e y s  of t h e  g r e a t  
r i v e r s  -- N i l e ,  Brahmaputra, Mekong, Yangtze, Hwang Ho, M i s s i s s i p p i ,  
e t c .  -- would be '  f looded ,  a s  wel.1 a s  ex t ens ive  c o a s t a l  p l a i n s .  
C02-induced c l ima te  change could conceivably f o r c e  hundreds of 
m i l l i o n s  of people t o  mig ra t e ,  o r  e l s e  p e r i s h .  The h e a l t h  e f f e c t s  
could be enormous..: Migrat ion i t s e l f  has  been shown t o  cause s t r e s s .  
Migra t ion  a l s o  p l aces  tremendous demands upon t h e  i n f r a s t r u c t u r e  of 
housing,  t r a n s p o r t a t i o n ,  s a n i t a t i o n ,  - ? a n d  food d i s t r i b u t i o n .  The 
c o l l a p s e  of such i n f r a s t r u c t u r e s  a f t e r  a  c a t a s t r o p h e  has  d i f f e r e n t  
e f f e c t s  i n  more and l e s s  i n d u s t r i a l i z e d  c o u n t r i e s ,  but would r e s u l t  i n  
s e r i o u s  pub l i c  h e a l t h  hazards  wherever c o l l a p s e  ocur red .  Forced 
mig ra t i on  a l s o  d i s r u p t s  c u l t u r a l  p a t t e r n s  of adap ta t i on  and p r o t e c t i v e  
behavior  developed over generat.ions: t o '  cope wi th  t h e  s t r e s s e s  and 
h e a l t h  hazards  a s s o c i a t e d  with a  given environment. The c u l t u r a l  
f a c t o r s  of d i s e a s e  causa t ion  . a s  t r i g g e r e d  by c l ima te  change and 
mig ra t i on  a r e  e s p e c i a l l y  unp red i c t ab l e .  

One of t h e  most s e r i o u s  impacts of c l ima te  change upon h e a l t h  
would r e s u l t  from changes i n  t h e  p a t t e r n s  of t r a n s m i s s i b l e  d i s e a s e .  
The environmental f a c t o r s  t h a t  a r e  c r i t i c a l  t o  t he  d i s t r i b u t i o n  of 
p a r t i c u l a r  i n s e c t ,  o r  animal v e c t o r s  a r e  those  most l i k e l y  t o  be 
a f f e c t e d  by c l ima te  change: p r e c i p i t a t i o n  and groundwater,  wind 
p a t t e r n s ,  and seasona l  temperature  extremes and d u r a t i o n s .  A 
C02-induced c l ima te  change would a l t e r  t h e s e  v a r i a b l e s  and could be 
m u l t i p l i e d ,  i n  e f f e c t ,  because o f .  t h e  e c o l o g i c a l  interdependence of 
a l l .  l i v i n g  th ings .  

I nc reas ing  a r i d i t y  could prompt more use of i r r i g a t i o n  (which 
i n  t h e  d r y  t r o p i c s  h a s  been synonymous with t h e  ex t ens ion  of 
s c h i s t o s o m i a s i s ) ,  and wi th  changes i n  water q u a l i t y  and q u a n t i t y  which 
could a f f e c t  t r ansmis s ion  of d i s e a s e s  both d i r e c t l y  and i n d i r e c t l y .  
On t h e  o t h e r  hand, warmer and w e t t e r  c o n d i t i o n s  would g e n e r a l l y  f avo r  
a  wide v a r i e t y  of funga l ,  nematode, b a c t e r i a l ,  and v i r a l  a g r i c u l t u r a l  
p e s t s  a s  we l l  a s  d i s e a s e  v e c t o r s .  

The i n c r e a s e  of carbon d iox ide  i n  ambient a i r  a t  t h e  l e v e l s  
p r ed i c t ed  is  not  known t o  cause e f f e c t s  on human h e a l t h .  Research t o  
d a t e  has  concent ra ted  on C02 l e v e l s  which exceed many t imes those  
p red i c t ed  i n  t h e  usua l  c l ima te  change s c e n a r i o s .  We recommend, 
however, long-range s t u d i e s  of cont inuous exposure over  t h e  l i f e t i m e s  
of  s e v e r a l  s p e c i e s  of test animals  t o  C02 l e v e l s  i n  t he  range of 
500-1000 ppm. Add i t i ona l ly ,  c l i m a t i c  warming i n  temperate zones 
could b r ing  an i nc rease  i n  temperature  i nve r s ions  which cause bu i ldup  
of  a tmospheric  p o l l u t a n t s  and r e s u l t a n t  h e a l t h  e f f e c t s .  (See paper by 
Melinda Meade, Voluine 11.) 



PRIORITY RESEARCH 

o Bioclimatic Health Data. There should be an 
inventory and collation of existing health-related 
bioclimatic data. The data should be referenced 
geographically. There is considerable knowledge of 
the life cycle needs and habitat conditions of most 
medically important insects and host animals, but 
these have , not been tied t o  the geographical 
distribution of such conditions. Existing data 
sources and information systems need to be brought 
together on the same scale and basis and directed 
toward illuminacing .the interrelations of climatic, 
disease, and cultural patterns. 

o Crop and. Livestock Distribution. There 
should be an effoct to assemble and refine the data on 
crop and livestock distributions relative to 
ecological (principally meteorologic) parameters in 
order to identify marginal areas where changes could 
be detected first and where the impacts on human 
health can be expected. to be most severe. This 
information, should be used to model the ranges of 
adaptive strategies. 

o Workshops on Human-Health Effects. A series 
of workshops should : 

a) Collate and map existing knowledge on disease 
ecology. This workshop would include an 
interdisciplinary group of medical sociologists, 
anthropologists, climatologists, entomologists, 
epidemiologists, geographers, parasitologists, and 
others, for the organization of a baseline data bank. 
By incorporating the needs suggested by other panels, 
and by incorporating other data (agro-climatic, 
historic-climatic) the establishment of such a 
baseline data bank could be the most important project 
immediately attainable. 

b) Identify adaptive and maladaptive cultural 
behavior related to disease patterns. Much is known 
in an uncoordinated way about the cultural ecology of 
various diseases, but this needs .to be brought 
together and cross-calibrated with other climatic, 
agricultural and social information as it becomes 
available. 

c) Construct scenarios of future migration 
patterns. Climate change could profoundly alfect 
regional carrying capacities and result in large-scale 
population redistribution. We need to examine the 
possible regional distribution of climate change, its 
effect on agriculture and human settlements, and past 
patterns of migratory response to stress and hazards, 
and project as well as possible the impacts on human 
health of anticipated migration caused by climate 
change. 



d) Compile d a t a  on m o r t a l i t y  and morbidi ty  
occu r r ing  dur ing  excep t iona l ly  h o t  summers under 
p r e s e n t  c l i m a t i c  regimes, p a r t i c u l a r l y  i n  r u r a l  a r e a s  
and c i t y  slums where many people do not  have s h e l t e r s  
t h a t  g i v e  p r o t e c t i o n  aga.i,nst extreme hea t .  
I n t e r annua l  v a r i a t i o n  could r e s u l t  i n  occas iona l ly  
h o t t e r  summers than ever  experienced before  i n  regions '  
a t  m id - l a t i t udes ,  i f  average temperatures  i n  t he se  
r eg ions  r i s e  by s e v e r a l  degrees  cen t ig rade .  
Ex t r apo la t i on  t o  t he se  more extreme f u t u r e  cond i t i ons  
may be p o s s i b l e  i f  su f f i c ' i en t  . . r . .  d a t a  on r e c e n t  . hot  
summers of d i f f e r e n t  i n t e n s i t y  'can be c o l l e c t e d  and 

. . analysed . 



I V  
ECONOMIC AND GEOPOLITICAL CONSEQUENCES 

Economics plays an important r o l e  i n  determining C02 emissions and t h e  
imp l i ca t i ons  f o r  human a c t i v i t i e s  worldwide., though it has  no r o l e  i n  
p r e d i c t i n g  t he  phys ica l  changes a f f e c t i n g  the  atmosphere and oceans 
t h a t  might r e s u l t  from a  C02-induced c l ima te  change. Economics can 
a l s o  c l a r i f y  po l i cy  choices  open t o  s o c i e t y  regard ing  prevent ion  of a  
bu i ldup  of COZ o r  adap ta t i on  t o  C02-induced c l ima te  change. 

The methods o f '  ecopomics app l i ed  t o  a  wide. . a r r a y  of 
~ 0 2 - t r i g g e r e d  phenomena w i l l  make a  more important c o n t r i b u t i o n  than 
i n v e s t i g a t i o n s  o,f t h e  economC phenomena themselves.  Perhaps t he  most 
u s e f u l  economic t o o l  i s  scena r io  c o n s t r u c t i o n  and a n a l y s i s .  Scenar ios  
developed by teams of phys i ca l ,  b i o l o g i c a l ,  and s o c i a l  s c i e n t i s t s  can 
c r e a t e  a  framework f o r  viewing the  complex imp l i ca t i ons  of t h e  g l o b a l  
C02-climate s i t u a t i o n .  

Scenar io  Analvs i s  

In' some s c i e n c e s ,  such a s  phys ics ,  fundamental laws a r e  presumed t o  be 
known and t o  apply u n i v e r s a l l y .  But t h e i r  a p p l i c a t i o n  t o  real-world 
even t s  r e q u i r e s  t h a t  assumptions be made about what phys i ca l  e f f e c t s  
a r e  so  small  a s  t o  be n e g l i g i b l e  o r  u n t r e a t a b l e  i n  d e t a i l .  Which 
e f f e c t s  a r e  second order  o r  must be t r e a t e d  s t a t i s t i c a l l y  ( i . e . ,  
pa rame te r i za t i on )  depends on the  circumstances.  For example, e f f e c t s  
such a s  superconduct iv i ty  a r e  n e g l i g i b l e  a t  s tandard  temperature  and 
p re s su re ,  but  dominate a t  abso lu t e  zero .  I n  o t h e r  a r e a s  of s c i e n t i f i c  
i n q u i r y ,  however, p a r t i c u l a r l y  t he  s o c i a l  s c i e n c e s ,  t h e r e  a r e  few 
g e n e r a l i z a t i o n s  t h a t  hold f o r  a  wide range of cond i t i ons .  Answers t o  
i n q u i r i e s  depend on the  s p e c i f i c  s i t u a t i o n  i n  ques t ion .  

. The phys i ca l ,  b i o l o g i c a l ,  and , s o c i a l  s c i ences  w i l l '  be involved 
i n  answering important ques t i ons  about p o s s i b l e  C02-induced c l ima te  
e f f e c t s  and s c i e n t i s t s  from each of t he se  a r e a s  should p a r t i c i p a t e  i n  
d e f i n i n g  the  s i t u a t i o n s  of i n t e r e s t .  While fundamental,  i s o l a t e d  
i n v e s t i g a t i o n s  of f l u i d  dynamics and of s o c i a l  psychology, f o r  
example, would even tua l ly  s t r eng then  those d i s c i p l ' i n e s  and thus  
promote b e t t e r  understanding of many a s p e c t s  of t h e  C02 i s s u e ,  
p rogress  would be very slow. Much time c a n . b e  Saved by t a r g e t i n g  and 
i n t e g r a t i n g  t h e  r e sea rch .  Since t h e r e  a r e  important  feedbacks among 
atmospheric  and ocean dynamics, marine and land b i o t a ,  and a g r i c u l t u r e  
and energy use ,  t he  C02 s i t u a t i o n  can bes t  be def ined  v i a  an 
i n t e g r a t e d  p i c t u r e  -- t h a t  i s ,  a  s cena r io .  

A s cena r io  has t h r e e  major components: 1) a  s e t  of i n i t i a l  
cond i t i ons ;  2)  cause-and-effect models which r e l a t e  t he se  i n i t i a l  
cond i t i ons  and per turb ing  f o r c e s  ( such  a s  s p e c i f i c  c l ima te  changes) t o  



outcomes; and 3 )  a n a l y s e s  o f  t h e  i m p l i c a t i o n s  of t h e s e  outcomes. A . 

C02' s c e n a r i o  would encompass a  range  of v a r i a b l e s  which c h a r a c t e r i z e  
t h e  s t a t e  of t h e  a tmosphere ,  oceans ,  b i o t a ,  and human a c t i v i t i e s .  
Such s c e n a r i o s  can and shou ld  p rov ide  t h e  i n t e l l e c t u a l  o r g a n i z a t i o n  
f o r  a  r e s e a r c h  program on C02-climate impac t s .  The s c e n a r i o  p r o v i d e s  
a  framework Tor i n t e g r a t i o n  and c o o r d i n a t i o n  of d i s p a r a t e  s t u d i e s  -- 
r a n g i n g ,  f o r  example, from t h e  p h y s i o l o g i c a l  e f f e c t s  o f  r i s i n g  C02 
l e v e l s  on phy top lank ton  t o  t h e  economic impacts  o f  c l i m a t e  change a t  
t h e  farm leve l . .  Such a  framework f o c u s e s  a t t e n t i o n  on t h e  e n t i r e  C02 
p i c t u r e .  Viewing t h e  problem a s  a whole h e l p s  de te rmine  whether 
p i e c e s  o f  t h e  o v e r a l l  p i c t u r e  a r e  m i s s i n g ,  t h e  k i n d s  o f  i n f o r m a t i o n  a  
p r o j e c t  must produce i n  o r d e r  f o r  i t s  r e s e a r c h  r e s u l t s  t o  be u s e f u l  t o  
' o t h e r  s t u d i e s ,  t h e  t iming of r e s e a r c h  o u t p u ~ s  t o  ensure  t h a t  r e s u l t s  
w i l l  be a v a i l a b l e  when needed, and feedback l o o p s  among t h e  p a r t s  t h a t  
r e v e a l  what i n f o r m a t i o n  i s  r e q u i r e d  from o t h e r  pa ' r t s  and how changes  
i n  one e lement  a f f e c t  o t h e r  e lements .  Formal s c e n a r i o  a n a l y s e s  have 
a l r e a d y  been used t o  s t u d y  a  number of complicated s o c i a l  i s s u e s ,  
i n c l u d i n g  energy p o l i c y ,  and much h a s  been l e a r n e d  about  t h e  method 
and i t s  p o s s i b l e  c o n t r i b u t i o n s .  

The complex i ty  of C02-effects  r e s e a r c h  should no t  be 
underes t imated .  There  a r e  many a s p e c t s  and many ' i n t e r a c t i o n s .  
Without a  c o h e r e n t  framework, each  i n v e s t i g a t o r  w i l l  pursue 
i d i o s y n c r a t i c  q u e s t i o n s  u s i n g  i d i o s y n c r a t i c  assumptions .  S i n c e  
d e c i s i o n s  r e g a r d i n g  p o l i c y  toward C02 r e q u i r e  i n t e g r a t i o n  of t h o s e  
d i v e r s e  c o n t r i b u t i o n s ,  a  c o h e r e n t  framework i s  needed, and s c e n a r i o  
a n a l y s i s  i s  t h e  sugges ted  t o o l .  

PRIORITY RESEARCH: 

o  Def in ing  ' integrated C02 S c e n a r i o s .  T h i s  
r e s e a r c h  a r e a  i s  . o f  t h e  h i g h e s t  p r i o r i t y .  I ts  
o b j e c t i v e  should be t o  produce a s e t  of up t o  s i x  
i n t e g r a t e d  . s c e n a r i o s  d e f i n i n g  i n t e r e s t i n g  and 
p l a u s i b l e  combinat ions  of .  assumptions  about  c l i m a t e , '  
ocean  dynamics,  mar ine  b i o t a ,  l a n d  b i o t a ,  and 
a g r i c u l t u r e ,  and t h e i r  s o c i a l  i m p l i c a t i o n s .  The 
s c e n a r i o  b u i l d i n g  would e v e n t u a l l y  be  conducted i n  an 
e x e r c i s e  b r i n g i n g  t o g e t h e r  ' s c i e n t i s t s  w i t h  backgrounds 
i n  c l i m a t o l o g y ,  oceanography, marine  b i o l o g y ,  l a n d  
b i o l o g y ,  agronomy, economics,  s o c i o l o g y  and 
an th ropo logy ,  " s o c i a l  psychology,  ' and p o l i t i c a l  
s c i e n c e .  

The e x e r c i s e  would beg in  w i t h  perhaps  two assumed 
t i m e  p a t h s  of C02 e m i s s i o n s .  The c l i m a t o l o g i s t  and 
oceanographer  on t h e  team would t r a c e  o u t  two s e t s  of 
a tmospher ic  and oceanographic  outcomes f o r  each of t h e  



C02 p a t h s .  With t h e s e  i n  hand, t h e  two b i o l o g i s t s  
would a t t e m p t  t o  t r a c e  ou t  changes i n  t h e  b i o s p h e r e ,  
s k e t c h i n g  more t h a n  one outcome where needed. The 
agronomist  would a t t e m p t  t o  s e e  how t h e  c u r r e n t  l e v e l  
and mix of food and f i b e r  would be produced i n  t h e  new 
regime v i a  changed c ropp ing  p a t t e r n s ,  new c r o p  
s t r a i n s ,  and i n c r e a s e d  i r r i g a t i o n , .  f o r  example. 
F i n a l l y ,  t h e  s o c i a l  s c i e n t i s t s  would a t t e m p t  t o  t r a c e  
o u t  t h e  i m p l i c a t i o n s  of t h e s e  p h y s i c a l  and b i o l o g i c a l  
changes  f o r  human a c t i v i t y  and w e l f a r e .  T o t a l  energy  
u s e ,  f o s s i l  f u e l  u s e ,  g e o g r a p h i c a l  l o c a t i o n ,  and 
economic and r e s i d e n t i a l  a c t i v i t i e s  a r e  among t h e  
i m p l i c a t i o n s  which should be g iven  a t t e n t i o n .  These 
r e s u l t s  would be fed  back t o  t h e  i n i t i a l  a s s u m p t i o n s '  
abou t  C02 e m i s s i o n s  and,  i f  n o t  c o n s i s t e n t ,  would 
b e g i n  a new round i n  o r d e r  t o  f i n d  a  c o n s i s t e n t  
s c e n a r i o .  

Each p a r t i c i p a n t  would presumably have a s e t  of 
c a u s a l  models,  o r  a t  l e a s t  some g e n e r a l i z a t i o n s ,  from 
which t o  draw judgments about  t h e  i m p l i c a t i o n s  of each  
assumption.  As t h e  g e n e r a l  c o n d i t i o n s  became b e t t e r  
d e f i n e d  , each  p a r t i c i p a n t  cou ld  a t t e m p t  t o  
p a r t i c u l a r i z e  t h e s e  models t o  t h e  c u r r e n t  s i t u a t i o n  o r  
t o  d e f i n e  t h e  r e s e a r c h  r e q u i r e d  t o  do s o .  The 
s c e n a r i o s  would r e q u i r e  each p a r t i c i p a n t  t o  s p e c i f y  
t h e  t y p e s  of i n p u t s  r e q u i r e d  f o r  h i s  t a s k  and t h e  
t y p e s  of o u t p u t s  he cou ld  p rov ide .  Aspec t s  of t h e  
problem which could  n o t  be modelled by t h e s e  
p a r t i c i p a n t s  would be s p e c i f i e d . .  Each p a r t i c i p a n t  
would a t t e m p t  . t o  s p e c i f y  t h e  range  of u n c e r t a i n t y  
a s s o c i a t e d  w i t h  h i s  o u t p u t s  and t h e  f a c t o r s  t h a t  would 
lower u n c e r t a i n t y .  The a n t i c i p a t e d  r e s u l t  of such  an  
e x e r c i s e  would be a  s e t  o f  c o n s i s t e n t  s c e n a r i o s  w i t h  
u n c e r t a i n t y  bands about  each.  

One r e a s o n  why t h i s  p r o j e c t  would r e q u i r e  . a  month 
o f  f u l l - t i m e  work by a  team is  t h a t  t h e  p a r t i c i p a n t s  
would have t o  l e a r n  a  common language  and g a i n  an  
u n d e r s t a n d i n g  of t h e  - o t h e r  d i s c i p l i n e s  and t h e i r  
c o n t r i b u t i o n s  t o  t h e  problem.  he' s u b s t a n t i v e  work of 
a c t u a l l y  p u t t i n g  t o g e t h e r  t h e  s c e n a r i o s  would p robab ly  
t a k e  no more t h a n  a  week. P a r t i c i p a n t s  would be 
r e s p o n s i b l e  f o r  w r i t i n g '  r e p o r t s  on t h e  a d d i t i o n a l  
r e s e a r c h  r e q u i r e d  i n  each a r e a  a s  a  r e s u l t  of t h e  
e x e r c i s e .  P a r t i c i p a n t s  would' r e t i r e  t o  t h e i r  home 
b a s e s  and work t o  f l e s h  o u t  t h e  s c e n a r i o s  v i a  t h e  . 

c a u s a l  models ' o r  s u b s t a n t i v e  knowledge i n  each  
d i s c i p l i n e ,  and t o  work on some of  t h e  a d d i t i o n a l  
r e s e a r c h  i d e n t i f i e d  by t h e  i n i t i a l  e x e r c i s e .  Some 
months l a t e r ,  t h e  group would reconvene f o r  a  week t o  
d i s c u s s  t h e  c o n t r i b u t i o n s  of each  p a r t i c i p a n t ,  t o  



modify t he  s c e n a r i o s ,  and t o  d i s c u s s  u n c e r t a i n t i e s  and 
t h e  r e sea rch  p r o j e c t s  flowing from t h e  s cena r io s .  I f  
a  r e sea rch  p r o j e c t  produced r e s u l t s  s i m i l a r  t o  those  
assumed by t h e  s cena r io  w r i t e r s ,  t h i s  would b o l s t e r  
confidence i n  t he  s cena r id s .  I n so fa r  a s  assumptibns 
a r e  con t r ad i c t ed  by new re sea rch ,  new imp l i ca t i ons  
would have t o  be t r aced  out i n  the  s cena r io s .  A l a r g e  
number of s cena r io s  could be i d e n t i f i e d ,  t oo  many f o r  
s e r i o u s  cons ide ra t i on .  

S ince  a  primary o b j e c t i v e  of s o c i a l  planning i s  
guarding a g a i n s t  d i s a s t e r ,  t he  emphasis should be on 
un fo r tuna t e  o r  p e s s i m i s t i c  s c e n a r i o s ,  a l though a t  
l e a s t  one o p t i m i s t i c  s cena r io  should be f l e shed  ou t .  
One scena r io  should embody the  most p e s s i m i s t i c  of t h e  
set of reasonable  assumptions about c l i m a t e ,  t h e  
oceans ,  and o the r  phys i ca l  and b i o l o g i c a l  phenomena. 
S o c i a l  o r  po l i cy  responses  would be assumed t o  be , 

forthcoming wi th  s u i t a b l e  l a g s .  Under such 
c o n d i t i o n s ,  what a r e  t he  p o t e n t i a l s  f o r  d i s a s t e r ?  
What a c t i o n s  now, such a s  t h e  development of 
t e chno log ie s ,  networks f o r  measuring the  c r u c i a l  
phys i ca l  changes,  o r  adjustments  i n  s o c i e t y ' s  c a p i t ~ l  
s t o c k ,  would lower s o c i a l  cos t  i n  such a  s i t u a t i o n ?  
The o p t i m i s t i c  and pes s imi s t i c  s cena r io s  a r e  l i k e l y  t o  
provide t he  most i n s i g h t f u l  c a s e s ,  exposing c r u c i a l  
a s p e c t s  of s o c i a l  and economic s t r u c t u r e  and events  t o  
be  watched. 

[There is mer i t  i n  comparing two o r  more 
independently-developed scena r io  ana lyses .  The 
comparison of s e p a r a t e  i deas  and e s t i m a t e s  emphasizes 
t h e  va lue ,of  s c e n a r i o s  a s  a  method of i l l u s t r a t i n g  and 
cons ide r ing  the  imp l i ca t i on  of unce r t a in  f u t u r e s . ]  , 

Economic Aspects of Scenar ios  

Scenar ios  w i l l  produce p r o j e c t i o n s  of t h e  e f f e c t s  of c l ima te  change on 
0, a g r i c u l t u r a l  y i e l d ,  energy requi red  + f o r  space cond i t i on ing ,  and 

changes i n  consumption p a t t e r n s .  Some of t h e s e  s cena r io  ou tpu t s  must 
come from economic models, such a s  those t h a t  c a l c u l a t e  t he  demand f o r  
a i r  cond i t i one r s  a s  a  func t ion  of c l i m a t e ,  p r i c e ,  and income, o r  
models dea l ing  with demand f o r  energy g e n e r a l l y ,  g iven  changing 
c l ima te .  Such models can be d r a h  from a s u b s t a n t i a l  l i t e r a t u r e .  . . 

Once scena r io s  a r e  completed, a  necessary  t a s k  w i l l  be t he  
aggrega t ion  of ou tpu t s  i n t o  measures t o  e v a l u a t e  t he  s o c i a l  
d e s i r a b i l i t y  of a  s cena r io .  P r i c e s ,  wages, and measures of economic 
a c t i v i t y  a r e  a  widely used approach f o r  eva lua t ing  one s e t  of ou tpu t s .  
Some economists i n s i s t  on developing d o l l a r  measures f o r  a l l  ou tpu t s  



u t, 

s o  t h a t  a  do l l a r -bene f i t  number can se rve  a s  an eva lua to r  of each 
scena r io .  Where t h i s  can be done, i t  ' s ' impl i f ies  d e ~ i s i o n .  However, 
t h e r e  a r e  conceptual  d i f  f  i c u l ' t i e s  i n ,  f o r '  example, d e r i v i n g  a  d o l l a r  
va lue  f o r  the  p re se rva t ion  of a  c u l t i v a r  t h a t  would o therwise  have 
become e x t i n c t .  I n  many c a s e s ,  i t  i s  more f r u i t f u l  t o  s t o p  s h o r t  of 
complete aggrega t ion  i n t o  a  s i n g l e  va lue  and simply t o  l i s t  some 
outcomes. While conceptual  problems l u r k  behind each new v a l u a t i o n  
t a s k ,  t h e  provis ion  of economic' models f o r  adjustment  and f o r  
v a l u a t i o n  a r e  s t r a igh t fo rward .  The i r  a p p l i c a t i o n  is  paIr is taking and 
must be c a r e f u l l y  reviewed, but t h e r e  probably a r e  n o .  major r e sea rch  
needs a t  t he  presen t  time. 

Soc i a l  Aspects of Scenar ios  

A s cena r io  ' i s  conceptua l ly  incomplete u n t i l  i t s  important  i m p l i c a t i o n s  
a r e  t r aced  'out.  For example, we have l ea rned  l i t ' t l e  i f  we know merely 
t h a t  c l ima te  w i l l  change. By knowing the  implied changes i n  economic 
a c t i v i t y ,  many of t he  important imp l i ca t i ons  have been s p e c i f i e d .  But 
we a l s o  need t o  know t h e  imp l i ca t i ons  ', f o r  i n d i v i d u a l  behavior  and 
s o c i a l  ' i n s t i t u t i o n s .  A l a r g e  'change iri c l ima te ,  wi th  r e s u l t i n g  
changes ik' b i o t a  and i n  a g r i c u l  tbre ' and o t h e r  economic a c t i v i t i e s ,  
might cause important  changes , in  bAys of > l i f e ,  s o c i a l  i n s t i t u t i o n s ,  
and i n d i v i d u a l  behaviors .  The ' r e A l t  could b e ,  i n  some c a s e s ,  
increased '  t ens ion  between va r ious  groups,. pos s ib ly  r e s u l t i n g  i n  
v io l ence .  ' I f  p o s s i b l e ,  we should l e a r n  which groups wkll  ga in  and 
which w i l l  l o s e .  

Scenar io  a n a l y s i s  provides  a  f r u i t f u l  way i n  which s o c i a l  
s c i e n t i s t s  can i n t e r a c t  with atmosphe,ric p h y s i c i s t s ,  oceanographers ,  
b i o l o g i s t s ,  and agronomists.   he t a s k  and importance of each 
d i s c i p l i n e  i s  obvious w i th in  t h i s  con tex t .  S c i e n t i s t s  can communicate 
what each needs t o  know and the  u n c e r t a i n t i e s  surrounding what each 
can say. Each can p a r t i c i p a t e  i n  t h e  des ign  of s c e n a r i o s  and ensure  
t h a t  ques t i ons  a r e  posed i n  a  f e l i c i t o u s  manner. 

A s  s t a t e d  e a r l i e r ,  s o c i a l  s c i e n t i s t s  should have an i n t e g r a l  
r o l e  i n  des ign ing  and f i l l i n g  i n  t h e  d e t a i l s  of t h e  s cena r io s .  They 
should a t tempt  t o  develop a  common language wi th  phys i ca l  and 
b i o l o g i c a l  s c i e n t i s t s  i n  o rde r  t o  understand the  p o t e n t i a l  
c o n t r i b u t i o n s  of each d i s c i p l i n e .  

The C02 s c e n a r i o s  w i l l '  i d e n t i f y  s o c i a l  i s s u e s  common t o  many 
a n a l y s e s  of ~02- ' c l imate  impacts t h a t  w i l l  r e q u i r e  r e sea rch  i n  depth .  
When such an i s s u e  i s  d iscovered ,  i t  should become the  s u b j e c t  of a  
s p e c i f i c  r e sea rch  project . ,  Ca're m i s t  be taken  so  t h a t  t h e  problem 
d e f i n i t i o n ,  u n i t s  of ana l ,ys i s ,  and r e s u l t s  a l l  feed back i n t o  t he  
s cena r io s .  It is c u r r e n t l y  impossible  t o  p r e d i c t  what t he se  r e sea rch  
i s s u e s  w i l l  be, o r  t he  personnel ,  budgets ,  and . t iming needed. 



I n t e r n a t i o n a l  I s s u e s  

The C02 i s s u e  is i n h e r e n t l y  i n t e r n a t i o n a l .  U n f o r t u n a t e l y ,  it i s  n o t  
i n e v i t a b l e  t h a t  c o n f l i c t s  among n a t i o n s ,  w i l l  be s e t t l e d  by l e g a l  
means. Some n a t i o n s  w i l l  b e n e f i t  from c l i m a t e  change w h i l e  o t h e r s  
w i l l  l o s e .  Some w i l l  r e s i s t  a b a t i n g  C02 e m i s s i o n s  and some w i l l  
r e s i s t  a d a p t a t i o n  s t r a t e g i e s .  S h o r t  of t h r e a t e n i n g  war,  t h e r e  i s  no 
c u r r e n t  way of compel l ing a n a t i o n  t o  do something i t  p e r c e i v e s  t o  be 
n o t  i n  i ts i n t e r e s t .  t 

A f r u i t f u l  a r e a  of r e s e a r c h  p o s t u l a t e s  t h a t  i n d i v i d u a l s  a c t  i n  
t h e i r  pe rce ived  s e l f - i n t e r e s t ,  and s c i e n t i s t s  t h e n  e x p l o r e  t h e  
r e s u l t i n g  behav ior  of i n d i v i d u a l s  and i n s t i t u t i o n s .  For example, 
i n d i v i d u a l s  w i l l  band t o g e t h e r  t o  p r o t e c t  themselves  a g a i n s t  v i o l e n c e  
and t o  e n f o r c e  c o n t r a c t s .  Such a  framework seems i d e a l  f o r  
i n v e s t i g a t i n g  i n t e r a c t i o n s  among n a t i o n s .  

PRIORITY RESEARCH: 

C02-Induced 
p e r c e i v e d  

Model l ing I n t e r n a t i o n a l  Responses t o  
Cl imate  Changes. Research t h a t  b u i l d s  on 

s e l f - i n t e r e s t  shou ld  de te rmine  what 
i n t e r n a t i o n a l  i n s t i t u t i o n s  a r e  i n  t h e  s e l f - i n t e r e s t  o f  
n a t i o n s  i n  t h e  l i g h t  of c l i m a t e  changes .  S p e c i f i c  
r e s e a r c h  q u e s t i o n s  might i n c l u d e :  What i n s t i t u t i o n s  
c o u l d  e l i m i n a t e  e x t e r n a l i t i e s  and promise g a i n s  t o  a l l  
who j o i n ?  What i n s t i t u t i o n s  would be r e q u i r e d  f o r  t h e  
moni to r ing  and enforcement  of agreements?  What s i d e  
payments would be r e q u i r e d ?  Would some n a t i o n s  be 
coerced  t o  j o i n ?  T h i s  r e s e a r c h  a r e a  i s  a  p u r e l y  
t h e o r e t i c a l  examinat ion o f  t h e  i m p l i c a t i o n s  o f  
n a t i o n a l  s e l f - i n t e r e s t  w i t h  r e g a r d  t o  t h e  C02 
q u e s t i o n ,  and o f  t h e  i n t e r n a t i o n a l  i n s t i t u t i o n s  t h a t  
shou ld  emerge because  of t h i s  i s s u e .  T h i s  r e s e a r c h  
shou ld  r e s u l t  i n  models p r e d i c t i n g  f u t u r e  
i n t e r n a t i o n a l  behav ior  ( i n  an i d e a l i z e d  wor ld ) .  

o A Survey o f  Cur ren t  I n t e r n a t i o n a l  
I n s t i t u t i o n s .  A second r e s e a r c h  a r e a  shou ld  a s s e s s  
c u r r e n t  i n t e r n a t i o n a l  i n s t i t u t i o n s  i n  l i g h t  of t h e  - 
t h e o r e t i c a l  models developed i n  t h e  p r e v i o u s  ' p r o p o s a l .  
S p e c i f i c  r e s e a r c h  q u e s t i o n s  might i n c l u d e :  How do 
c u r r e n t  i n t e r n a t i o n a l  i n s t i t u t i o n s  cor respond  t o  t h e  
i d e a l i z e d  models? Which i n s t i t u t i o n s  cou ld  be 
modif ied most e a s i l y  t o  f i t  t h e  models? How cou ld  t h e  
i d e a l  i n s t i t u t i o n s  be implemented? What can be 
l e a r n e d  from i n t e r n a t i o n a l  h i s t o r y  t o  r e f i n e  t h e  
model? 



Modelling I s s u e s  

A number of r e sea rch  a r e a s  dea l ing  wi th  va r ious  model l ing i s s u e s  a r e  
important  and f ea s ib l e , ,  and should be i n v e s t i g a t e d  a s  soon a s  
p o s s i b l e .  Research r e s u l t s  from these  i n i t i a t i v e s  w i l l  c o n t r i b u t e  
g r e a t l y  t o  t he  cons t ruc t ion  of integrated.CO2 s c e n a r i o s .  

PRIORITY RESEARCH: 

o  Economic Models of Resource Deplet ion.  An 
important  r e sea rch  i s s u e  involves  economic models of 
t h e  d e p l e t i o n  of n a t u r a l  r e sou rces ,  focus ing  on t h e  
r o l e  of C02. E x i s t i n g  n a t u r a l  resource  models should 
be surveyed and then ad jus t ed  t o  t he  unique 
c h a r a c t e r i s t i c s  of C02. Some models w i l l  r e q u i r e  
computer s imula t ion .  This  . r e sea rch  would r e q u i r e  
approximately one year: The .budget should provide f o r  
a  p r i n c i p a l  i n v e s t i g a t o r  f o r  s i x  months, computer 
t ime ,  t r a v e l  funds and r e sea rch  a s s i s t a n c e .  Resu l t s  
should suggest  t h e o r e t i c a l l y  op t imal  emiss ions  
p a t t e r n s  f o r  C02, and t h e  s o c i a l  c o s t s  of r e s t r a i n i n g  
emissions.  

r 

o Fur ther  Development of t h e  Nordhaus Model. 
One p a r t i c u l a r  na tura l - resource  model. ( s e e  paper by 
William D. Nordhaus, Volume 11 )  has been t a i l o r e d  t o  
C02 and r e p r e s e n t s  a  p re l iminary  working through of 
t h e  i s s u e s .  The Nordhaus model makes a  n o t a b l e  
c o n t r i b u t i o n  and i s  worthy of f u r t h e r  e x p l o r a t i o n  and 
expansion. Researchers  should exp lo re  t h e  
imp l i ca t i ons  of a  wide range of assumptions wi th in ,  t he  
Nordhaus model and modify t he  model t o  encompass o t h e r  
s p e c i f i c a t i o n s  of t h e  va r ious  equa t ions .  This  e f f o r t  
would l a s t  approximately one yea r ,  and should have a  
budget t o  provide f o r  a  p r i n c i p a l  i n v e s t i g a t o r ,  
adequate  computer t ime,  a  r e sea rch  a s s i s t a n t ,  and 
t r a v e l  funds.  This  e f f o r t  should explore  a  range of 
assumptions and produce in format ion  about t h e  outcomes 
of va r ious  assumptions and p o l i c i e s .  

o  Decis ion Analysis  of C02-Induced Climate 
Changes. Researchers  should explore  t h e  imp l i ca t i ons  
of p o l i c i e s  c u r r e n t l y  a v a i l a b l e  t o  a u t h o r i t i e s  and 
policymakers regard ing  emissions of C02 and a d a p t a t i o n  
t o  c l ima te  change. Researchers  should. a l s o  review 
a l t e r n a t i v e  frameworks f o r  making d e c i s i o n s  i n  t he  
f ace  of u n c e r t a i n t y  and i s o l a t e  those of most 
re levance  t o  C02. Current  C02 r e sea rch  i s  intended t o  
provide information t o  d e c i s i o n  makers by 1985 o r  



s h o r t l y  t h e r e a f t e r .  We r shou ld  begin  now t o  i s o l a t e  
t h e  q u e s t i o n s  t h a t  must be answered t o  inform p o l i c y ,  
c o n c e n t r a t i n g  on-he q u e s t i o n s  of f i r s t - o r d e r  
impor tance .  A d e c i s i o n - a n a l y s i s  framework shou ld  t e l l  
u s  which i s s u e s  a r e  most impor tan t  and which 
i n c r e m e n t s  i n  knowledge a r e  c r u c i a l  t o  making b e t t e r  
d e c i s i o n s  by 1985. ( T h i s  r q s e a r c h  a r e a  t h u s  
r e p r e s e n t s  a  s imul taneous  and a 1 , t e r n a t i v e  approach t o  
t h e  s c e n a r i o - w r i t i n g  e x e r c i s e  proposed e a r l i e r . )  An 
i n v e s t i g a t o r  should  perform a  d e c i s i o n  a n a l y s i s  of t h e  
C02 i s s u e  and should be prepared t o  t a l k  w i t h  e x p e r t s  
i n  t h e  f i e l d ,  s t a y  a b r e a s t  o f  c u r r e n t  r e s e a r c h ,  and be 
a b l e  t o  d i s c u s s  r e s u l t s  of r e s e a r c h  w i t h  t h e  
Department of Energy. T h i s  e f f o r t  shou ld  produce a  
l i s t  of  r e l e v a n t  pol. icy c h o i c e s  and t h e i r  
i m p l i c a t i o n s .  It should s e r v e  t o  draw t o g e t h e r  t h e  
d i v e r s e  p r o j e c t s  about  C02 e f f e c t s  i n  terms of t h e i r  
p o l i c y  i m p l i c a t i o n s ,  and pose q u e s t i o n s  t o  o t h e r  
i n v e s t i g a t o r s .  Thc budge ta ry  requ i rements  f o r  t h i s  
r e s e a r c h  i n i t i a t i v e  should be adequa te  t o  cover  one 
r e s e a r c h e r ,  computer t ime,  and t r a v e l  expenses .  

o  Scenar io  Method Development. S e v e r a l  
a s p e c t s  of s c e n a r i o  Jdevelopment need f u r t h e r  
i n v e s t i g a t i o n .  I n  p a r t i c u l a r ,  a  C02 s c e n a r i o  w i l l  be 
dominated by u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  many of t h e  
models and about  such c r u c i a l  f a c t o r s  a s  t h e  f u t u r e  
economic h e a l t h  of t h e  n a t i o n  and world .  U n c e r t a i n t y  
must be modelled e x p l i c i t l y  i n  o r d e r  t o  r e c o g n i z e  how 
much c o n f i d e n c e  a n a l y s t s  shou ld  p l a c e  i n  any s c e n a r i o  
outcome. Techniques  must be exp lored  a s  t o  ways i n  
which u n c e r t a i n t y  can be l e s s e n e d  -- by c l a r i f y i n g  
o b s c u r e  a r e a s ,  improving d e c i s i o n  p r o c e d u r e s ,  o r  
e s t a b l i s h i n g  c r i t i c a l  d a t e s  f o r  d e c i s i o n s .  T h i s  
r e s e a r c h  a r e a  is  a t h e o r e t i c a l  i n v e s t i g a t i o n  of 
s c e n a r i o  methods,  f o c u s i n g  on ~ 0 2 .  Methods t h a t  w i l l  
s h a r p e n  t h e  s c e n a r i o  a n a l y s i s  shou ld  be produced. 
Funding shou ld  be adequa te  t o  cover  approx imate ly  s i x  
man-months sp read  over  one y e a r ,  computer t ime,  
r e s e a r c h  a s s i s t a n c e ,  and t r a v e l .  

o Determining Opti.ma1 F l e x i b i l i t y  and 
R e s i l i e n c y .  An , important  r e s e a r c h  f s s u e  i n v o l v e s  t h e  
t h e o r e t i c a l  r e l a t i o n s h i p  between t h e  amount of 
r e s i l i e n c y  t h a t  ' shou ld  be . b u i l t  i n t o  c a p i t a l  a s  a  
f u n c t i o n  of t h e  r a t e  ' o f  ,change.  F l e x i b i l i t y  and 
r e s i l i e n c y ,  b o t h  i n  human a n d ' p h y s i c a l  c a p i t a l ,  come 
a t  a  p r i c e .  S o c i e t i e s  do n o t  d e s i r e  maximum 
r e s i l i e n c y ,  s i n c e  t h a t  i s  t o o  e x p e n s i v e ,  b u t  r a t h e r  
o p t i m a l  r e s i l i e n c y .  Given some assumptions  abou t  t h e  



amount of f u t u r e  change and u n c e r t a i n t y ,  one can 
determine opt imal  f l e x i b i l i t y  and r e s i l i e n c y  of t h e  

. - c a p i t a l  s t ock  a s  a  func t ion  of pr ice . ,  However, i t  i s  
l i k e l y  t h a t  t he  U.S. c a p i t a l  s t o c k  i s  c u r r e n t l y  so 
r i g i d  and i n f l e x i b l e  t h a t  c u r r e n t  ou tput  would r i s e  a s  
t h e  c a p i t a l  was made more f l e x i b l e .  This  r e sea rch  
a r e a  should focus on the  c o s t s  of r e s i l i e n c y ,  wi th  
modelling of s o c i a l  c o s t s  a s  a  f u n c t i o n  of f u t u r e  
r a t e s  of change and t h e  coscs  of r e s i l i e n c y .  Funding 
should be adequate t o  cover s i x  man-months spread over 
one yea r ,  computer t ime, r e sea rch  a s s i s t a n c e ,  and 
t r a v e l .  

o  Mi t iga t ing  S t r a t e g i e s .  Explora t ion  i s  
warranted of "mi t i ga t ing  s t r a t e g i e s "  designed t o  lower 
s o c i a l  c o s t s  a s soc i a t ed  wi th  C02 changes and t o  lower 
s o c i a l  c o s t s  a s soc i a t ed  wi th  o t h e r  shocks.  It i s  
l i k e l y  t h a t  l i t t l e  w i l l  be done t o  aba t e  C02 emiss ions  
u n t i l  t h e r e  has  been a  s u b s t a n t i a l  e f f e c t  on c l imate .  
Thus, a t t e n t i o n  must be given t o  wa,ys of ea s ing  
a d a p t a t i o n  t o  t he  new c l ima te  regime. Researchers  
should i n v e s t i g a t e  what can be done t o  ease  and speed 
ad jus tment ,  i n v e s t i g a t i n g  the  f a c t o r s  t h a t  f a c i l i t a t e  
s o c i a l  and economic change. Funding should be 
adequate  t o  cover approximately s i x  man-months spread 
over  one yea r ,  t r a v e l ,  and r e sea rch  as 's is tance.  The 
output  of t h i s  r e sea rch  w i l l  be i d e n t i f i c a t i o n  of 
cond i t i ons  t h a t  f a c i l i t a t e  change, and p o l i c i e s  t h a t  
l e a d  t o  more r ap id  and less c o s t l y  ad jus tments .  

. . 

o  A g r i c u l t u r a l  ~ d a ~ t a t i o n .  Commercial 
a g r i c u l t u r e  i s  l i k e l y  t o  be t he  i n d u s t r y  most - 
s e n s i t i v e  t o  c l ima te  change. An i n v e s t i g a t i o n  should 
be done of t he  a spec t s  of a g r i c u l t u r e  which a r e  most 
s e n s i t i v e  and the  a s p e c t s  of c l ima te  which a r e  most 
impor tan t .  We should then a t tempt  t o  f i n d  h i s t o r i c a l  
analogues of each product ion and c l ima te  s e n s i t i v i t y ,  
and i n v e s t i g a t e  the  pace and n a t u r e  o f ,  adjustment .  
For example, hybrid seed ,  s a l i n i z a t  i on  problems on 
i r r i g a t e d  l and ,  p e s t i c i d e  bans,  and , t h e  i n t r o d u c t i o n  
of i r r i g a t i o n  r ep re sen t  major cha l l enges  t o  
a g r i c u l t u r e  s i m i l a r  t o  c l ima te  changes.  , lluch can be 
l ea rned  about c l ima te  change s t r e s s  from examining t h e  
s t r e s s e s  a s s o c i a t e d  wi th  each of t he se  cha l lenges .  
Th i s  r e sea rch  a r e a  should take. about s i x  man-.months 
spread over one year .  Much of t h e  r e sea rch  w i l l  t ake  
t h e  form of reviewing previous s t u d i e s .  . 



o  Adap tab i l i t y  of Human I n s t i t u t i o n s .  A 
g e n e r a l  s tudy  should be conducted of t he  f a c t o r s  t h a t  
i n f luence  a d a p t a b i l i t y  of i n d i v i d u a l s  and human 
i n s t i t u t i o n s  t o  chahges i n  t h e  environment. What - 
f a c t o r s  f o s t e r  change? What f a c t o r s  impede i t ?  This  
s tudy  should t ake  about s i x  man-months spread over one 
year .  A l a r g e  l i t e r a t u r e  e x i s t s  on t h i s  ques t i on ,  
a l though i t  is l a r g e l y  t h e o r e t i c a l .  
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Response of the West Antarctic Ice Sheet to C02-Induced Climatic 
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Effects of C02-Induced Climate Change on Freshwater Ecosystems -- 
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Research Issues in Grazinglands Under Changing' Climate -- Dennis F. 
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State University 
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Predicting How C02-Induced Climatic Change May Affect the Natural 
Biosphere -- Thompson Webb 111, Brown University 

Climate Change and Agricultural Production in Non-Industrialized 
Countries -- Lloyd E. Slater, Aspen Institute for Humanistic Studies, 
Rapporteur 
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Psychologica l  Dimensions of Cl imat ic  Change -- Baruch F ischhoff ,  
Decis ion Research; L i t a  Furby, Wright I n s t i t u t e  

I n t e r d i s c i p l i n a r y  Research and I n t e g r a t i o n : .  The C02 Problem -- 
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. . 
: . . L .  . . , 

E f f e c t s  of Climate Change on Animal Heal th  -- Melinda Meade, 
. . Unive r s i t y  of North Caro l ina  . . . . 

, . .  r, 

I V .  ECONOMIC AND GEOPOLITICAL CONSEQUENCES 

T h e o r e t i c a l  and Empir ical  Aspects of Optimal T o n t r o l  S t r a t e g i e s  -- 
William D. Nordhaus, Yale Un ive r s i t y  andnCowles Foundation 

I 

A Conceptual Framework f o r  Research About t h e  Likel ihood of a 
"Greenhouse Ef f e c  t v  .-- Mancur Olson , ' . ~ n i ' . v e r s i  ty  of Maryland 

. . . z .  - . a  . 



Adaptive Approaches t o  t h e  C02 P.roblem -- Roger G. Nol l ,  C a l i f o r n i a  
I n s t i t u t e  of Technology 

Planning f o r  Climate Change: Scenario Cons t ruc t ion  and Evalua t ion  -- 
Dennis Epple,  Carnegie-Mellon Un ive r s i t y ;  L e s t e r  Lave, B r o o k i n g ~  
I n s t i t u t i o n  

Contr ibuted Paper 

The P o t e n t i a l  Response of An ta rc t i c  Sea I c e  t o  Cl imat ic  Change Induced 
by Atmospheric C02 Inc reases  -- S.F. Ackley, U.S. Army Cold Regions 
Research and Engineer ing Laboratory 
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Uwe Radok, University of Colorado, Boulder 

Charles F. Raymond, University of Washington, Seattle 

Dominique Raynaud, Laboratoire de Glaciologic, France 

Gordon de Q. Robin, Scott Polar Research,Institute, England 

W.F. Schmidt, University of Maine, Orono 

Charles Swithinbank, British Antarctic Survey, England 

Robert H. Thoma,s, Cambridge, England 

Hans Weertman, Northwestern University 

Ian Whillans, Institute of Polar..Studies, Ohio State University 

Francis S.L. Williamson, National Science Foundation 

Jay Zwally, Goddard Space Flight Center, NASA 

CLIMATE CHANGE AND THE ALLEVIATION OF ENVIRONMENTAL STRESS 
IN RENEWABLE RESOURCE PRODUCTIVITY 

~ i n u a r ~  9-11, 1980 - East Lansing, Michigan 
March 3-4, 1980.- Kansas City, Missouri 

Jon Bartholic, Michigan State University 
. . . . 

~illiam ~reidenbach, University of California, Davis 
_ I  

. . . . .  8 . 
David R. ~ i l l e ~ ,  Michigan state University 

. , .  
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Kenneth Frey, Iowa State University 
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E.T. Kanemasu, Kansas State University 
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C.J. Weiser, Oregon State University 

EFFECTS OF CLIMATE CHANGE ON ANIMAL AGRICULTURE 
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David R. Arnes, Kansas State University 

J0n.F. Bartholic, Michigan State University 
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W.E. Larsen, U.S. Dept. of Agriculture, St. Paul 
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James E. Newman, Purdue.University 
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James Simpson, University of Florida 

William W. Thatcher, University of Florida 

H. Allen Tucker', Michigan State University . . 

Jeffrey Williams, Michigan State University 

.' Sylvan Wittwer, Michigan State University 



RESPONSE OF NATURAL'ECOSYSTEMS TO CLINATIC CHANGE 
r: 
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Rougemont, Nor th  C a r o l i n a  

Thomas V .  Armentano, The I n s t i t u t e  o f  Ecology 

Sandra  Brown, I n s t i t u t e  of  T r o p i c a l  F o r e s t r y  
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, . 

ECOLOGICAL CONSEQUENCES OF A C02-INDUCED CLIMATE CHANGE 
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February  25-26, 1980 
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Alan A u c l a i r ,  George !fason U n i v e r s i t y  

Kermit  Cromack, Oregon S t a t e  U n i v e r s i t y  

Sidney Gauthreaux, .Clemson U n i v e r s i t y  

W.  Frank H a r r i s ,  Oak Ridge N a t i o n a l  L a b o r a t o r y  
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David M. Sharpe; Sou the rn  I l l i n o i s  U n i v e r s i t y  

C. Richard  T r a c y ,  Colorado S t a t e  U n i v e r s i t y  



RESEARCH NEEDED TO DETERMINE THE CARBON BALANCE IN'NORTHERN ECOSYSTEMS 
AND THE POTENTIAL EFFECTS OF FUTURE INCREASED GLOBAL TEMPERATURES 

BY THE YEAR 2000 

March 7-10, 1980 
San Diego, C a l i f o r n i a  

John Andrews, Un ive r s i t y  of Colorado 

Dwight B i l l i n g s ,  Duke Un ive r s i t y  

Larry.  B l i s s ,  Un ive r s i t y  of Washington 

J e r r y  Brown, U.S. Army Cold Regions Research 
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. . 

Walter Oechel, San Diego S t a t e  Un ive r s i t y  
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Charles  F. Cooper, San ~ i k ~ o  S t a t e  Un ive r s i t y  

Robert Coupland, Un ive r s i t y  of Saskatchewan, Canada 
. . 
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W i l l  Kellogg, Nat ional  C e n t e r  f o r  Atmospheric Research 

. . 



Dennis Knight, University of Wyoming 

WilLiam Lauenroth, Colorado State University 
.. , 

Roland Madden, National Center for Atmospheric Research 

Dennis F. Pendleton, Colorado State  Universty 

Philip C. Miller, San Diego State University 
, . 

R. Keith Miller, Bureau of Land Management, Washington, D.C. 

William Parton, Colorado State University 
. . . .. 

Francisco Perez-Trejo, University of Llamos, Venezuela 

Jean Reedet, U.S. Department of Agriculture, Fort Collins 
, , 

Paul Risser, University of Oklahoma 
. 4 ,  

Walter Orr Roberts, Aspen Institute for Humanistic Studies 
. '. f '  , , 

David Robertshaw, Colorado State University 
J1: 

Rick Ross, U.S. Forest Service, Duluth 
. , . . .  . 

Edward J. Rykiel, Jr . , Texas A & M University 
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