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ABSTRACI 

TURNER, R.. S , ,  R. J .  OLSON, and 6. C, B 
having soil characteristics that may indicate 
sensitivity to acidic deposition under alternative 
forest damage hypotheses. ORNL/TM-9917. Oak Ridge 
National Laboratory, Oak Ridge, Tennessee. 138 PP. 

Recent evidence of forest decline and dieback has revived interest 

in mapping soil characteristics that may be useful jn predicting areas 

where further forest damage could occur. Hypothesized causes of  forest 

decline include direct effects of afr pollutants ora a b o ~ e ~ ~ ~ u ~ d  tree 

tissues and indirect effects on trees via b e ~ ~ w g r ~ u ~ d ,  soil-mediated 

processes. This report (1) reviews the potential for forest soil 

changes caused by acidic deposition and the role o f  these changes in 

damage to trees and (2) uses recently available soils data and computer 

display techniques to map the areal extent of soil characteristics that 

may indicate where such changes could occur. 

Hypotheses on causes of forest decline and dieback mediated by 

soil changes caused by acidic deposition generally fall into two 

categories: (1 )  reduction in available base cation plant nutriients 

below a level required to support the standing blomass and 

(2) increased availability of substances toxic to plants or other sail 

organisms, Chemical and physical characteristics of so4ls uere 

selected as mappin criteria based on a review o f  e x p e ~ ~ ~ e n t a ~  results 

and conceptual and mathematical models o f  biogeochemical processes 

occurring in forest soils. For the nutrient-leaching hypothesis, soils 

having a cation exchange capacity o f  (15 crnoI(+) kg , base 

saturation o f  20 to 60%, and a pH >4.5 were  selected. For the 
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t o x i c i t y  hypo thes i s ,  s o i l s  hav ing  a base s a t u r a t i o n  <20%, a pH 

(4.5, and o rgan ic  carbon (5% were se lec ted .  V a r i a t i o n s  i n  these 

c r i t e r i a  were t e s t e d ,  and r e s t r i c t i o n s  on weather ing r a t e s  and r o o t i n g  

depth were a l s o  added. S o i l s  d a t a  a v a i l a b l e  i n  seve ra l  n a t i o n a l  and 

r e g i o n a l  d a t a  bases were l i n k e d  w i t h  each o t h e r  and w i t h  t h e  s e l e c t e d  

c r i t e r i a ,  t o  a l l o w  e x t r a p o l a t i o n  f rom t h e  s i t e - s p e c i f i c  and t h e o r e t i c a l  

s t u d i e s  t o  maps o f  p o t e n t i a l l y  s e n s i t i v e  s o i l s  a t  t h r e e  d i f f e r e n t  

sca les :  ( 1 )  t h e  e a s t e r n  U n i t e d  S ta tes ,  ( 2 )  t h e  n o r t h e a s t e r n  U n i t e d  

S ta tes ,  and ( 3 )  t h e  Adirondack r e g i o n  o f  New York. Using t h e  c r i t e r i a  

s e l e c t e d  and t h e  da ta  a v a i i a b l e  f o r  mapping, f rom 3 t o  40% o f  t h e  

f o r e s t e d  s o i l s  o f  t h e  e a s t e r n  U n i t e d  S ta tes  may be s e n s i t i v e  t o  changes 

t h a t  c o u l d  r e s u l t  i n  reduced f o r e s t  p r o d u c t i v i t y  ( w i t h i n  an undef ined 

t i m e  frame).  To p r e d i c t  t h e  t i m e  u n t i l  a c e r t a i n  magnitude o f  s o i l  

change w i l l  occur ,  a dynamic model and a d d i t i o n a l  da ta  a r e  needed t o  

r e l a t e  d e p o s i t i o n  r a t e s ,  weather ing r a t e s ,  f o r e s t  c y c l i n g  and 

accumulat ion r a t e s ,  changes i n  an ion  m o b i l i t y ,  and c l i m a t e  and 

h y d r o l o g i c  processes ( l e a c h i n g  r a t e s )  t o  p r e s e n t  s o i l  c h a r a c t e r i s t i c s .  

The d a t a  base and computer a n a l y s i s  and d i s p l a y  techniques 

developed here can f a c i l i t a t e  f u t u r e  r e g i o n a l - s c a l e  ecosystem model ing 

and assessment o f  resources a v a i l a b l e  o r  a t  r i s k .  A d d i t i o n a l  

p rocess - leve l  s t u d i e s  on t h e  causes o f  f o r e s t  d e c l i n e  and dieback and 

a d d i t i o n a l  r e g i o n a l  da ta  on c r i t i c a l  soil processes a r e  needed b e f o r e  a 

more c e r t a i n  and more q u a n t i t a t i v e  assessment o f  f o r e s t  resources a t  

r i s k  t o  a c i d i c  d e p o s i t i o n  can be made. 

x i  i 



1 .  INTRODUCTION 

T h i s  r e a n a l y s i s  o f  a t o p i c  p r e v i o u s l y  addressed by Nor ton (1980),  

McFee (1980), K lopa tek  e t  a l .  (1980), and Olson e t  a l .  (1982) was 

prompted by  a v a r i e t y  o f  new developments. There i s  new evidence o f  

f o r e s t  d e c l i n e  i n  t h i s  c o u n t r y  and c e n t r a l  Europe. P u b l i c  awareness o f  

and concern f o r  e f f e c t s  of a c i d i c  d e p o s i t i o n  on t e r r e s t r i a l  ecosystems 

have increased.  There i s  a need t o  e v a l u a t e  new s c i e n t i f i c  

understanding o f  e f f e c t s  o f  a c i d i c  d e p o s i t i o n  on f o r e s t s  and s o i l s .  

F i n a l l y ,  a d d i t i o n a l  d a t a  on r e g i o n a l  f o r e s t  and s o i l  c h a r a c t e r i s t i c s  

have become a v a i l a b l e ,  a l l o w i n g  new maps, w i t h  increased r e s o l u t i o n  and 

b e t t e r  data,  t o  be cons t ruc ted .  This  p r a j e c t  was undertaken as p a r t  o f  

t h e  N a t i o n a l  Ac id  P r e c i p i t a t i o n  Assessment Program (NAPAP) 1985 

Assessment o f  f o r e s t  E f f e c t s  and t h i s  document r e p o r t s  t h e  r e s u l t s  o f  

t h e  l i n k i n g  o f  r e g i o n a l  s o i l s  da ta ,  conceptual  and mathematical  models 

o f  a c i d i c  d e p o s i t i o n - s o i l - p l a n t  i n t e r a c t i o n s ,  and a geographic 

i n f o r m a t i o n  system (GIs) f o r  d i s p l a y  o f  s p a t i a l  p a t t e r n s .  F u r t h e r  

development o f  t hese  techniques i s  ongoing t o  a l l o w  more l i n k a g e s  f o r  

use i n  f u t u r e  assessments. 

An i n t e r n a t i o n a l  workshop on s o i l  and wa te r  a c i d i f i c a t i o n  i n  

March 1984 b rough t  t o g e t h e r  e x p e r t s  and ideas  f rom t h e  U n i t e d  S t a t e s  

and Europe (Johnson e t  a l .  1985a) and reached a genera l  consensus on a 

conceptual  framework o f  s o i l -  and vegetat ion-mediated mechanisms o f  

s u r f a c e  wa te r  a c i d i f i c a t i o n .  

t h e  same mechanisms may be i n v o l v e d  i n  f o r e s t  response t o  a c i d i c  

Workshop p a r t i c i p a n t s  agreed t h a t  many o f  



ORNL/TM--9917 2 

d e p o s i t i o n  b u t  a l s o  acknowledged t h a t  many more f a c t o r s  a r e  i n v o l v e d  

and c o u l d  n o t ,  at presen t ,  be s o r t e d  o u t  i n t o  a genera l  framework o f  

f o r e s t  response mechanisms. 

An exchange o f  N o r t h  A m ~ r i c a n  and German s c i e n t i s t s  i n  A p r i l  and 

June 1984 f a c i l i t a t e d  comparisons o f  s i t e s ,  hypotheses, and research 

r e s u l t s  f rom areas o f  observed f o r e s t  d e c l i n e  and dieback i n  t h e  U n i t e d  

Std te s  and Federa l  Republ ic  o f  Germany. The exchange p a r t i c i p a n t s  were 

unable t o  d e f i n e  a g e n e r a l i z a b l e  hypo thes i s  Lhat exp la ined  a l l  t h a t  

t h e y  saw b u t  agreed t h a t  m u l t i p l e  f a c t o r s  were respons ib le ,  were 

perhaps d i f f e r e n t  d t  each s i t e ,  aird i n c l u d e d  n a t u r a l  and anthropogenic  

s t resses .  They developed a l i 5 1  o f  hypotheses t h a t  c o u l d  be t e s t e d  a t  

each s i t e  ( S c h u t t  dnd Cowl ing 1985; Johnson e t  a l . ,  i n  p repara t i on ) .  

Wh l e  a i r  p o l l u t i o n ,  i n c l u d i n g  a c i d i c  d e p o s i t i o n ,  i s  cons idered by 

many sc entists i n  t h e  UnSted S t a t e s  2nd Furope 4-0 be a pr ime f a c t o r  i n  

causing f o r e s t  damage, canopy dieback i s  a widespread phenomenon i n  

f o r e s t s  o f  t he  centi-61 and south P a c i f i c  where there  i s  no i n d u s t r i a l  

p o l l u t i o n  (Wueller-Dornbois 1983).  I t  i s  d i f f i c u l t  t o  argue t h a t  a i r  

p o l l u t i o n  c o u l d  n o t  p l a y  a r o l e  i n  f o r e s t  d e c l i n e ,  b u t  i t  i s  u n c l e a r  

how a i r  p o l l u t i o n  i s  t o  be l i n k e d  t o  dieback i n  reg ions  w i t h  c l e a n  

a i r .  We need always t o  keep o u r  minds open t o  poss ib le  a l t e r n a t i v e  

causes * 

The purposes o f  t h t s  r e p o r t  a r e  ( I )  t o  rev iew  and eva lua te ,  i n  

l i g h t  o f  r e c e n t  f i n d i n g s ,  t h e  po ten t i a l  f o r  f o r e s t  s o i l  changes caused 

by a c i d i c  d e p o s i t i o n  and %he r o l e s  o f  these s o i l  changes i n  darna 

t r e e s ;  ( 2 )  t o  map t h e  a r e a l  e x t e n t  o f  s o i l  c h a r a c t e r i s t i c s  t h a t  may 

i n d i c a t e  wbere such changes m i g h t  occur;  and ( 3 )  t o  e v a l u a t e  t h e  



v a l i d i t y ,  usefu lness,  and means o f  improv ing t h e  maps. Sens i t Jve  soiJ.5 

- a r e  d e f i n e d  he re  as s o i l s  (or s o i l s o l u t i o n s l _ w h i c h  may undergo changes 

l caused  by a c i d i c  d e p o s i t i o n )  t h a t l e a d  t o  a r e d u c t i o n  i n  f o r e s t  

p r o d u c t i v i t y .  Because t h e  e x i s t i n g  knowledge of  mechanisms o f  f o r e s t  

d e c l i n e  i s  so l i m i t e d  and t h e  a v a i ? a b i l i t y  o f  s u i t a b l e  s o i l  d a t a  QSI a 

r e g i o n a l  s c a l e  i s  a l s o  li i t e d ,  t h e  maps t h a t  a r e  presented i n  t h i s  

r e p o r t  should be i n t e r p r e t e d  c a r e f u l l y .  The rriaDs show areas h a v i n g  

s o i l s  w i t h  c h a r a c t e r i s t i c s  t h a t  a r e  hygothes ized_g be sensjtive t o  

- change. 

damage (decrease i n  p r o d u c t i v i t y )  o r  show bounds t o  a r e a s o f  p o t e n t j g t  

damage. The maps do i n d i c a t e  area: i n  t h e  e a s t e r n  U n i t e d  S t a t e s  where 

f u r t h e r  p rocess - leve l  research  shobld be concen t ra ted  t o  t e s t  t he  

v a r i o u s  hypotheses or chain-of-damage scenar ios .  

maps must a l s o  be t e s t e d .  Resu l t s  o f  t h a t  research,  a l o n g  w i t h  t h e  

exper ience gained i n  g e n e r a t i n g  these  maps, w i l l  determine t h e  model 

and d a t a  needs and t h e  a p p r o p r i a t e  s c a l e  o f  a n a l y s i s  r e q u i r e d  t o  

produce r e s u l t s  t h a t  w i l l  be more b s e f u l  i n  q u a n t i f y i n g  f o r e s t  

resources a t  r i s k  t o  a c i d i c  d e p o s i t i o n .  

They do n o t  necessa r i  l y a n s l a t e . - ~ o  arcas o f  p o t e n t i a l  f o r e s t  

The accuracy  o f  t hese  

The geographic area covered by t h i s  p r o j e c t  has slowly expanded 

westward. Areas i n  t h e  e a s t e r n  U n i t e d  S t a t e s  have been o f  g r e a t e s t  

concern because o f  g r e a t e r  amounts o f  more a c i d i c  d e p o s i t i o n  than  i s  

exper ienced i n  most o f  t h e  Nest .  A lso,  t h e r e  has been more clamor 

about  f o r e s t  e f f e c t s  a t t r i b u t e d  t o  a c i d i c  d e p o s i t i o n  i n  t h e  East ,  The 

techniques used he re  can r e a d i l y  be extended t o  t h e  r e s t  o f  t h e  c o u n t r y .  
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2. HYPOTHESES ON FOREST EFFECTS THAT M A Y  B E  MEDIATED 
BY' SOIL CHANGES CAUSED BY A C I D I C  DEPOSIlIBN 

Numerous chain-of-danage scenar ios,  seve ra l  o f  which i n c l u d e  

hypothes ized f o r e s t  s o i l  changes as  components, have been suggested t o  

e x p l a i n  observed f o r e s t  damage symptoms. 

b e l i e v e  t h a t  &he symptom can a l l  be exp la ined  th rough  d i r e c t  f o l i a r  

e f f e c t s  w i t h o u t  c o n s i d e r i n g  s o i l  c o n d i t i o n s ,  most s c i e n t i s t s  agree t h a t  

many f a c t o r s ,  i n c l u d i n g  s o i l  c o n d i t i o n s ,  a f f e c t  f o r e s t  response t o  

c h r o n i c  and acute s t r e s s e s  t h a t  may be imposed on them. Hypotheses on 

causes o f  f o r e s t  dec l i ne /d ieback  mediated by s o i l  changes caused by 

a c i d i c  d e p o s i t i o n  g e n e r a l l y  f a l l  i n t o  two c a t e g o r i e s :  ( 1 )  changes i n  

s o i l  p l a n t  n u t r i e n t  r e l a t i o n s h i p s  and ( 2 )  changes i n  t h e  a v a i l a b i l i t y  

o f  substances t o x i c  t o  p l a n t s  o r  o t h e r  s o i l  organisms. These 

hypotheses a r e  d iscussed 'in t h e  f o l l o w i n g  subsect ions.  

Whi le  some researchers 

One o f  t h e  most corinraaonly c i t e d  " p o t e n t i a l "  e f f e c t s  o f  a c i d i c  

d e p o s i t i o n  on f o r e s t  s o i l s  i s  t h e  l e a c h i n g  o f  n u t r i e n t  c a t i o n s  f rom t h e  

r o o t i n g  zone, t h a t  i s ,  a c i d i f i c a t i o n  o f  s o i l s  by l e a c h i n g  o f  base 

c a t i o n s  (K , Ca , Mg , Na ,, e t x . )  and replacement on exchange 

s i t e s  by H' and aluminum i o n s  (Mor r i son  1984; Wik lander  1973/74, 

1975, 1980; Malmer 1974; F r i n k  and V o i q t  1976,  1977; McFee e t  a l .  1976; 

Bashe 1980 and o t h e r s ) .  S o i l  a c i d i f i c a t i o n  o r  r e d u c t i o n  i n  t h e  

percentdye base s a t u r a t i o n  ($5.) i s  a n a t u r a l  process o c c u r r i n g  i n  most 

s o i l s  i n  humid reg i ions.  To a s s e s s  t h e  importance o f  a c i d i c  d e p o s i t i o n  

i n  reduc ing  f o r e s t  p r o d u c t i v i t y  i n  d i f f e r e n t  areas, tw  s e t s  o f  

4 2+ 2 t -  + 
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questions must be answered: (1) to what extent does acidic deposition 

increase the rate of acidification in different soils (i.e., which 

soils are more sensitive to increased acidification), and ( 2 )  does an 

Increased rate of  soil  acidification have any effect on forest 

productivity, is there a threshold BS below which forest productivity 

drops, or do new forest species move in to replace ones that decline in 

Importance with little net change in forest productivity? The question 

of whether a forest species composition shift to (perhaps) less 

valuable or desirable species then also could become an issue. 

Numerous analyses have attempted to answer the first question, 

using simple calculations, models, soil columns, and field 

investigations. It is relatively easy to calculate for a hypothetical 

forest soil how long it would take for rainfall that averages pH 4 . 0  to 

acidify the soil a certain amount compared with rainfall that averages 

pH 5.6, assuming no other inputs, for example, weathering. McFee et 

al. (1976, 1977) performed this exercise, but pointed out that o f  

course there are other inputs. Reuss (Reuss and Johnson 1985) and 

Cosby et al. (1985a,b) have developed more sophisticated models that 

take other inputs, sinks, and controlling factors into account. Such 

models predict equilibrium solution concentrations and changes over 

time of  soil characteristics, but no model has yet been validated for 

regional use, and most important, none explicitly incorporates soil 

weathering inputs or uptake and redistribution of e 

vegetation. 

It is much more difficult to test whether such 

modeled changes actually take place. Laboratory co 

ements by 

calculated o r  

umn studies have 
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shown t h a t  h i g h e r  s imu la ted - ra in  a c i d i t y  w i l l  l e a c h  more base c a t i o n s  

as we11 as more H+ and aluminum. 

s o i l  s o l u t i o n ,  sho r t - t e rm decreases i n  iBS o f  t h e  column s o i l s  f rom t h e  

beg inn ing  t o  t h e  end o f  t h e  a c i d i f i c a t i o n  exper iments have been 

r e p o r t e d  ( S j o r  and Teigen 1980; S c h i e r  1984; Huete and HcCol l  1984).  

The columns rep resen t  u n n a t u r a l  systems, however, because mo is tu re ,  

temperature,  s o i l  s t r u c t u r e ,  b i o l o g i c a l  a c t i v i t y ,  p l a n t  c y c l i n g ,  and 

weather ing a r e  a1 te red .  

determinants  o f  t h e  d i s t r i b u t i o n  o f  i o n s  on s o r p t i o n  s i t e s  and i n  s o i l  

s o l u t i o n .  A l s o ,  a c i d  l o a d i n g  t o  t h e  columns i s  o f t e n  much g r e a t e r  t han  

ambient f i e l d  c o n d i t i o n s  S O  as t o  produce r e s u l t s  more q u i c k l y .  Thus, 

w h i l e  column s t u d i e s  show t h a t  increased l e a c h i n g  can occur  under 

c e r t a i n  c o n d i t i o n s ,  t h e y  a r e  u n l i k e l y  t o  be r e p r e s e n t a t i v e  o f  f i e l d  

processes. Columns have r io t  been used t o  q u a n t i f y  r e l a t i v e  d i f f e r e n c e s  

i n  l e a c h i n g  r a t e s  b e t  een d i f f e r e n t  s o i l s ,  a l t hough  u s i n g  i n t a c t  cores 

under c o n t r o l l e d ,  r e l a t i v e l y  long- term c o n d i t i o n s  might. be a u s e f u l  

t o o l  f o r  assessment purposes. 

I n  a d d i t i o n  t o  changes i n  column 

These c h a r a c t e r i s t i c s  a r e  c r i t i c a l  

I n v e s t i g a t i o n s  o f  s o i l  l e a c h i n g  i n  t h e  f i e l d  have a l s o  shown base 

c a t i o n  l each ing ,  a t  l e a s t  i n  s u r f a c e - s o i l  ho r i zons .  Abrahamsen (1980) 

i r r i g a t e d  f i e l d  l y s i m e t e r s  f i l l e d  w i t h  "und is tu rbed  s o i l  m o n o l i t h s "  

(40-c rn  depth and 29-cm diarn) and found increased l e a c h i n g  o f  K f ,  

Ca2', and Mg w i t h  water  o f  i n c r e a s i n g  a c i d i t y .  Stuanes (1980) 

found a r e d u c t i o n  i n  8.5 of  0 and E ho r i zons  (30-cm depth)  o f  a Typic  

Udipsamment i n  response t o  4 years o f  i r r i g a t i o n  w i t h  a r t i f i c i a l  r a i n  

o f  v a r y i n g  a c i d i t y .  The decrease was much g r e a t e r  f o r  Ca and 

Mg2.'" than i t  was f o r  K'. 

2+ 

2t 

Harnan (1971)  leached t h r e e  F i n n i s h  s o i l s  
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w i t h  a range o f  a c i d  s o l u t i o n s  and r e p o r t e d  t h a t  a f i n e  sandy loam l o s t  

more K , Ca , and Mg2+ t han  d i d  h e a v i e r  s o i l s .  

(1982) i r r i g a t e d  model deciduous ecosystem p l o t s  (Typ ic  H a p l u  

s o i l s )  w i t h  r a i n  of v a r y i n g  a c i d i t y  and observed increased l e a c h i n g  o f  

Ca2+, ~ g ~ + ,  and, t o  a l e s s e r  e x t e n t ,  K" a t  2 0 - m  d e p t h  f o r  a l l  

t r ea tmen ts  a f t e r  3 years.  

t r e a t m e n t  showed no e f f e c t  a t  1-m depth.  Cdhile i t  can be argued t h a t  

t h e  most extreme t rea tmen ts  used i n  these e x p e r i  en ts  a r e  u n r e a l i s t i c ,  

even t h e  more moderate t rea tmen ts  showed s i g n i f i c a n t  l e a c h i n g  e f f e c t s  

o v e r  t h e  r e l a t i v e l y  s h o r t  p e r i o d s  o f  obse rva t i on .  

4- 24- Lee and 

A t  t h e  end o f  ?he 3 years, even t h e  pM 3 

Desp i te  t h e  f a c t  t h a t  under some exper imen ta l  c o n d i t i o n s  i nc reased  

base c a t i o n  l e a c h i n g  has been shown t o  occur,  e f f o r t s  t o  measure 

long- term changes i n  s o i l  n u t r i e n t s  o r  pH have n o t  shown c o n c l u s i v e l y  

t h a t  ac id i c -depos i t i on - induced  changes a c t u a l l y  occur  under f i e l d  

c o n d i t i o n s .  Wik lander  (1973/74) found no evidence o f  pH changes i n  a 

podzol  s o i l  i n  Sweden o v e r  a 39-year p e r i o d  f r o m  1934 t o  1973, 

Troedsson ( 1  980) r e p o r t e d  r e s u l t s  f r o  a survey i n  Sweden showin 

s t r o n g  c o r r e l a t i o n  between i n c r e a s i n g  age o f  t h e  f o r e s t  and dec reas ing  

pH i n  t h e  A. h o r i z o n  (humus l a y e r ) .  

t h e  p e r i o d  1961-63 t o  1971-73 exchangeable Ca2', Mg2', and K f  

decreased s i g n i f i c a n t l y ,  w h i l e  H+ and A13' increased.  

concluded t h a t  t h e  e f f e c t  o f  t h e  c o n i f e r o u s  t r e e s  was mare i m p o r t a n t  

t h a n  t h e  e f f e c t  o f  atmospher ic d e p a s i t i s n ,  L inzon  and Temple (1980) 

found no s i g n i f i c a n t  change i n  pH o f  podzo l i zed  sandy Qrstdrio s o i l s  

sampled i n  1960 and agajn i n  1978. Alban (1982) found a d e p l e t i o n  o f  

Ca2+ and a l o w e r i n g  o f  pH i n  s u b s o i l s  and enr ichment  of  Ca2+ and an 

Resu l t s  a l s o  showed t h a t  d u r i n g  

Traedsson 
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i nc rease  ' In pH 

49 -ye;ii- p e r j o d  

upLake and cyc 

r r d i  s t r i  b u t i o n  

soils o f  oak-h 

Ca c y c l i n g ,  2+ 

8 

i n  su r face  s o i l s  under aspen and w h i t e  spruce over  a 

i n  Minnesota, apparen t l y  a t t r i b u t a b l e  t o  h i g h  r a t e s  o f  

i n g  o f  Ca2+. 

o f  c a l c i i m  f r om s u b s o i l s  t o  su r face  r o i l 5  i n  a c i d i c  

cko ry  stands i n  Tennessee frocis 1971 t o  1982 due t o  

F a u s t  e t  a l .  (1984) f o u n d  no s i g n i f i c a n t  change i n  pH, 

Johnson e t  a l .  ( i n  p r e p a r a t i o n )  found a 

Pxchangeahle bases,  o r  heavy meta ls  i n  a v a r i e t y  o f  New Jersey s o i l s  

t h a t  w e r ~  sampled i n  1947 and aga in  i n  1383 f rom t w o  geomorphic 

p rov inces .  I n  7984 bandersen and Johnson (1985) resampled organ ic  a n d  

In'rneral hor izons  a t  68 s i t e s  Lhat had been sampled i n  the Adirondacks 

o f  New York by Heimberger i n  t h e  p e r i o d  1930 th rough 1932. They four,d 

a d c c r e a s e  i n  pJ-1 and Ca f r o m  organ ic  ho r i zons  t h a t  had a pM > 4 

i n  t h e  p e r i o d  1930 thrclugh 1932. They cou ld  n o t  d i s c e r n  t h e  r e l a t - i v e  

impor tance of l each ing ,  biomass accumulat ion,  o r  t h e  e f f e c t s  o f  f i r e  

ar?d l o g g i n s  i n  these changes. Wik lander  (1973/14) singgested t h a t  

acidic d e p o s i t i o n  w o u l d  cause l i t t l e  o r  no pH change i n  ca lcareous 

s o i l s  !nlith a h i g h  b u f f e r i n g  c a p a c i t y  o r  i n  a l r e a d y  a c i d i c  s o i l s  w i t h  

pH < 5 (which i nc ludes  mort fores t  s o i l s ) .  He proposed t h a t  s e n s i t i v e  

s o i l s  i-marld tpc noncalcareous sand s o i l s  w i t h  pH > 5 .  

2+ 

The s t u d i e s  p r e v i o u s l y  mentioned and many o t h e r s  have p o i n t e d  o u t  

gaps i n  our knowledge o f  ecosys'cein processes, c r i t i c a l  t o  assess ing  t h e  

sensitivity o f  s o i l s  t o  l each ing  by a c i d i c  d e p a s i t i o n .  Ca t ion  l each ing  

w s t  be considered w i t h i n  t h e  con tex t  o f  accompanying an ion  m o b i l i t y .  

Cat ions  can o n l y  move i f  balanced by an r q u i v a l e n t  charge o f  an ions.  

S o i l s  i n  which n i t t -a%e i s  removed b i o l o g i c a l l y  and s u l f a t e  i s  adsorbed 

physically o r  t ransformed b i o l o g i c a l l y  w i l l  n o t  l o s e  greater  than 
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t u r a j  amounts o f  n u t r i e n t  c a t i o n s  (balanced by b ica rbona te  and 

o r g a n i c  anions; s u l f a t e  and n i t r a t e  a r e  t h e  predominant an ions added by 

Most f o r e s t  s o i l s  a r e  though t  t o  be n i t r o g e n  d e p o s i t i o n ) .  

d e f i c i e n t ;  and many s o i l s  have been shown t o  r e t a i n  s u l f a t e ,  b u t  s o i l s  

6 n i t r a t e -  o r  s u l f a t e - s a t u r a t e d  w i l l  l each  c a t i o n s  r e a d i l y .  

Research has n o t  y e t  q u a n t i f i e d  t h e  n e t  change i n  n u t r i e n t  l e a c h i n g  

caused by  a sw i t chove r  f rom a carbonic/weak a c i d  an ion  l e a c h i n g  system 

t o  a p redominan t l y  s u l f a t e / n i t r a t e  an ion  system. 

sollf t o  n u t r i e n t  loss due t o  a c i d i c  d e p o s i t i o n  thus  depends on 

atmospher ic a n i o n  i n p u t s  and on t h e  a n i o n  r e t e n t i o n  p r o p e r t i e s  o f  t h e  

f o r e s t  s o i l s  i n  ques t i on .  We know a g r e a t  dea l  about  an ion  m o b i l i t y  i n  

a few p laces  b u t  l a c k  good knowledge o f  t h e  r e g i o n a l  v a r i a b i l i t y  o f  

t hese  p r o p e r t i e s  f o r  most f o r e s t  s o i l s .  

S u s c e p t i b i l i t y  o f  

Numerous a d d i t i o n a l  c o n t r o l s  WI base c a t i o n  d i s t r i b u t i o n  i n  s o i l s  

( o t h e r  than  replacement by p e r c o l a t i n g  H') a r e  a l s o  n o t  w e l l  

q u a n t i f i e d .  Weather ing o f  m i n e r a l s  w i t h i n  t h e  s o i l  p r o f i l e  c o n t i n u a l l y  

r e s u p p l i e s  n u t r i e n t s  t o  exchange s i t e s .  Trees a r e  c o n t i n u a l l y  

accumulat ing,  c y c l i n g ,  and r e d i s t r i b u t i n g  n u t r i e n t s  w i t h i n  s o i l s .  

Atmospheric i n p u t s  o f  d r y  and wet d e p o s i t i o n  c o n t i n u a l l y  add base 

c a t i o n s  i n  a d d i t i o n  t o  a c i d i c  c a t i o n s  and anions.  The r e l a t i o n s h i p s  

between a c i d i c  d e p o s i t i o n  and these processes a r e  n o t  w e l l  known even 

f o r  i n t e n s i v e l y  s t u d i e d  s i t e s ,  and r e g i o n a l  d i f f e r e n c e s  i n  t h e  

importance o f  t hese  processes have n o t  been q u a n t i f i e d .  

The q u e s t i o n  r a i s e d  p r e v i o u s l y ,  whether i nc reased  n u t r i e n t  

l e a c h i n g  a f f e c t s  n e t  f o r e s t  p r o d u c t i v i t y ,  has n o t  been answered by 

research  t o  date.  It i s  g e n e r a l l y  t hough t  t h a t  humid-area f o r e s t s  a r e  
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n l t r o y e n  l i m i t e d ,  and, t h e r e f o r e ,  some c a t i o n  l e a c h i n g  may n o t  

i n ' i t l a l l y  a f f e c t  t r e e  growth. Mor r i son  (1984) reviewed t h e  r e s u l t s  o f  

numerous f i e l d  and greenhouse growth e x p e r i  en ts  u s i n g  i r r i g a t i o n  w i t h  

a r t i f i c i a l  a c i d  r a i n .  Sonre exper iments showed s l i g h t  ncreases i n  

growth;  o t h e r s  showed s l i g h t  decreases. The consensus i n t e r p r e t a t i o n  

o f  these r e s u l t s  seems t o  be t h a t  a c i d  i r r i g a t i o n  may ause a 

sho r t - te rm inc rease  i n  growth due  t o  a n i t r o g e n  f e r t i l i z a t i o n  e f f e c t ,  

b u t  a l s o  t h a t  long- term i r r i g a t i o n  would r e s u l t  i n  d e p l e t i o n  o f  base 

c a t i o n s  such t h a t  growth would e v e n t u a l l y  d e c l i n e .  None o f  t h e  

exper iments was c a r r i e d  o u t  l o n g  enough t o  t e s t  t h i s  i n t e r p r e t d t i o n .  

Some r e l a t i v e l y  r e s t r i c t e d  areas o f  t h e  U n i t e d  S ta tes  a r e  known t o  

be potassium o r  magnesium d e f i c i e n t  (see Stone and Kszys tn i sk  1977;  

Heiberg and White 1951). These areas p robab ly  would exper ience reduced 

f o r e s t  p r o d u c t i v i t y  i f  f u r t h e r  l e a c h i n g  of  those elements occurred.  

However, when t h e  a v a i l a b i l i t y  o f  an element becomes l i m i t e d  i n  t h e  

s o i l ,  i t  i s  s t r o n g l y  h e l d  by t h e  exchange complex and t i g h t l y  c y c l e d  by 

t h e  vege ta t i on ,  and o t h e r  more common elements a r e  leached+ S o i l s  t h a t  

have been h i g h l y  leached n a t u r a l l y  ( e - g . ,  U l t i s o l s )  may suppor t  a l a r g e  

biomass, though t h e  r a t e  o f  r e g e n e r a t i o n  may be low compared w i t h  

n u t r i e n t - r i c h  s i t e s  i f  t h e  biomass i s  removed. 

It a l s o  has n o t  been e s t a b l i s h e d  whether i nc reased  n u t r i e n t  

l e a c h i n g  f rom s h a l l o w  s o i l s  can be compensated f o r  by g r e a t e r  t r e e  

uptake th rough  deeper r o o t s .  Stone and M c K i t t r i c k  (1984) have shown 

t h a t  Pinus res inosa  t r e e s  can o b t a i n  a t  l e a s t  16% o f  t h e i r  t o t a l  f o l i a r  

potass ium from depths below 110 cm i n  E n t i c  Waplorthod s o i l s  i n  

New York. A r e l a t i v e l y  smal l  i n c r e a s e  i n  uptake by deep r o o t s  cou ld  



make up f o r  n u t r i e n t s  l o s t  f r o m  t h e  s h a l l o w  r o o t i n g  zone. 

up t h e y  would p robab ly  be s t r o n g l y  r e t a i n e d  by a h i g h l y  leached system, 

and more common i o n s  such as aluminum would be re leased.  

Once taken  

Al though r e g i o n a l  surveys o f  f o r e s t  damage have genera l y  shown 

l i t t l e  r e l a t i o n s h i p  t o  s o i l - n u t r i e n t  s t a t u s ,  d a t a  f rom some s i t e s  and 

f e r t i l i z e r  t r e a t m e n t  p l o t s  i n d i c a t e  t h a t  t r e e s  show l e s s  dar..age on some 

h i g h e r  n u t r i e n t  s t a t u s  (magnesium and ca l c ium)  s i t e s  and may respond 

p o s i t i v e l y  t o  added magnesium and ca lc ium. 

(Federa l  Republ ic  o f  Germany), Z o t t l  and Mies (1983) have c b r r e l a t e d  

" h e a l t h y "  t r e e s  w i t h  s o i l s  formed on s l a t e  and " s i c k "  t r e e s  w i t h  s a i l s  

formed on g r a n i t e .  

exchangeable magnesium and c a l c i u m  than  t h e  g r a n i t e - d e r i v e d  s o i l s ,  and 

t h e  leaves of  t h e  s i c k  t r e e s  have s u b s t a n t i a l l y  l ower  magnesium and 

c a l c i u m  than  t h e  h e a l t h y  t r e e s .  

o f  h e a l t h y  and d e c l i n i n g  Norway spruce and s i l v e r  f i r  and found t h a t  

(1 )  i n  t h e  d e c l i n i n g  f i r s ,  t h e  r o o t  c o r t e x  d i d  not. c o n t a i n  c a l c i u m  and 

magnesium and ( 2 )  i n  t h e  d e c l i n i n g  spruce, t h e  c o r t e x  d i d  n o t  c o n t a i n  

ca lc ium. I n  o t h e r  areas o f  Germany, Zech and Popp (19831, Huttermann 

and U l r i c h  (1984), and Kenk e t  a l .  (1985) have found l e s s  t r e e  damage 

on f e r t i l i z e d  p l o t s ,  as w e l l  as a p o s i t i v e  response t o  magnesium and 

c a l c i u m  f e r t i l i z a t i o n  o f  t r e e s  t h a t  have n o t  progressed t o  an advanced 

s t a t e  o f  d e c l i n e .  Kenk e t  a l .  (1985) p r e s e n t  evidence o f  an 

i n t e r a c t i o n  o f  emissions and c l i m a t i c  f a c t o r s ,  a long  w i t h  n u t r i t i o n  

d i f f i c u l t i e s ,  t o  e x p l a i n  f o r e s t  dawage a t  t h e i r  s i t e  i n  t h e  

Bun tsands te in  r e g i o n  o f  the Odenwald. A l though t h e y  acknowledge t h a t  

n u t r i t i o n  d i f f i c u l t i e s  a l o n e  have never  caused widespread d e c l i n e  and 

I n  t h e  B lack  F o r e s t  

The s l a t e  s o i l s  have 2 t o  3 t imes  h i g h e r  

Bauch (1983) examined t h e  f i n e  r o o t s  
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dieback i n  f o r e s t s  o f  c e n t r a l  Europe, t h e y  propose f e r t i l i z a t i o n  o f  

some s i t e s  as  a m i t i g a t i v e  measure u n t i l  emissions a r e  reduced. 

F e r t i l i z a t i o n  o f  f o r e s t s  by n i t r o g e n  and s u l f u r  i n  a c i d i c  

d e p o s i t i o n  c e r t a i n l y  occurs,  b u t  evidence f o r  increased f o r e s t  growth 

due t o  a c i d i c  d e p o s i t i o n  has n o t  been c l e a r l y  documented. S u l f u r  

d e f i c i e n c y  i n  eas te rn  U.S. f o r e s t  s o i l s  i s  ve ry  r a r e  (Leaf  1968). 

N i t r o g e n  d e f i c i e n c y ,  however, i s  common. Abrahamsen (198%) rev iews t h e  

r e s u l t s  o f  f e r t i l i z e r  exper iments i n  Europe and Nor th  America t h a t  show 

a s t r o n g  response t o  n i t r o g e n  f e r t i l i z a t i o n  i n  n o r t h e r n  s o i l s  sf  b o t h  

cont inen%s b u t  l e s s  response i n  s o i l s  o f  c e n t r a l  Europe and Nor th  

America because o f  shortages o f  o t h e r  n u t r i e n t s  i n  a d d i t i o n  t a  

n i t r o g e n .  Such s t u d i e s  suggest t h a t  atmospher ic n i t r o g e n  d e p o s i t i o n  i s  

l e s s  l i k e l y  t o  i n f l u e n c e  growth i n  southern areas than  i n  n o r t h e r n  

f o r e s t s .  Another hypo thes i s  suggests t h a t  some f o r e s t s  a r e  

n i t r o g e n - s a t u r a t e d ,  and a t m o s p h e r i c a l l y  depos i ted  n i t r o g e n  cou ld  l e a d  

t o  changer, i n  c e l l  volume, hormone balance, and root - to-shoot  r a t i o .  

Th is  cou ld  r e s u l t  i n  problems f o r  t h e  t r e e s  i n  cop ing  w i t h  f r o s t  and 

d rough t  o r  i n  o b t a i n i n g  adequate n u t r i e n t s  ( N i h l g a r d  1985). Whether 

t h i s  e f f e c t  occurs and how i t  r e l a t e s  t o  s o i l  c h a r a c t e r i s t i c s  a r e  

u n k n o w n .  F e r t i l i z a t i o n  o f  f o r e s t s  by base c a t i o n s  i n  a c i d i c  d e p o s i t i o n  

i s  n o t  commonly considered, and base c a t i o n  d e p o s i t i o n  i s  n o t  w e l l  

q u a n t i f i e d  because d r y  d e p o s i t i o n  am un ts  a r e  unknown. However, 

atmospher ic i n p u t s  o f  base c a t i o n s  may equal  o r  exceed base c a t i o n s  

leached f rom some n u t r i e n t - p o o r  s o i l s  ( H e i n r i c h s  and Mayer 1977; Turner  

1983; Johnson e t  a l .  1985).  



13  ORNL/TM-9917 

To summarize, Tamm (1979) has suggested t h a t  f o r e s t  stands adapt  

t h e i r  biomass t o  t h e  amounts o f  n u t r i e n t s  a v a i l a b l e  on t h e  s i t e .  To 

t h e  e x t e n t  t h a t  g r o w t h - l i m i t i n g  n u t r i e n t s  a r e  leached f r o m  s o i l s  by 

a c i d i c  d e p o s i t i o n  and n o t  rep laced  by wea the r ing  o r  atmospher ic i n p u t s ,  

we would expect  f o r e s t  stands t o  d e c l i n e  i n  biomass o r  basal  area o r  

a t  l e a s t  t o  be more s e n s i t i v e  t o  o t h e r  s t r e s s e s .  Experiments have 

shown t h a t  under some c o n d i t i o n s ,  l e a c h i n g  o f  n u t r i e n t s  f rom s o i l s  can 

be i nc reased  by a c i d i c  d e p o s i t i o n  and t h a t  l e a c h i n g  r a t e s  can d i f f e r  

w i t h  s o i l s  o f  d i f f e r e n t  c h a r a c t e r i s t i c s .  However, r a t e s  o f  l each ing ,  

g i v e n  d i f f e r e n t  ambient atmospher ic i n p u t s  and und is tu rbed  s o i l  

c h a r a c t e r i s t i c s ,  a r e  p o o r l y  q u a n t i f i e d  t o  date.  

A l s o  p o o r l y  understood i s  t h e  e x t e n t  t o  which m i n e r a l  weather ing 

and b i o l o g i c a l  c y c l i n g / r e d i s t r i b u t - j o n  o f  n u t r i e n t s  can resupp ly  base 

c a t i o n s  t o  exchange s i t e s .  Increased l e a c h i n g  may be o f f s e t  by 

i nc reased  resupp ly  a t  some l o c a t i o n s  because inc reased  weather ing i s  

expected t o  r e s u l t  f rom d e p o s i t i o n  o f  a c i d i c  substances. On t h e  o t h e r  

hand, s o i l s  w i t h  r e s t r i c t e d  r o o t  zones c o u l d  be s e n s i t i v e  because o f  

t h e  i n a b i l i t y  o f  t h e  v e g e t a t i o n  t o  c y c l e  and r e d i s t r i b u t e  n u t r i e n t s  

weathered a t  depth i n  t h e  p r o f i l e  up t o  t h e  s u r f a c e .  We can p robab ly  

p r e d i c t  

knowing 

c o e f f i c  

t h e  s o i  

t h e  r e l a t i v e  m 

percentage BS, 

ents,  aluminum 

. However, so 

x o f  c a t i o n s  t h a t  w i l l  l each  f rom a s o i l  by 

exchangeable c a t i o n s ,  c a t i o n  s e l e c t i v i t y  

s o l u b i l i t y ,  pH, and C02 p a r t i a l  p ressu re  i n  

1 - s o l u t i o n  c o n c e n t r a t i o n s  and t h e  e x t e n t  o f  

i nc reased  l e a c h i n g  ove r  t i m e  depend on an ion  m o b i l i t y ,  which i s  a 

f u n c t i o n  o f  b i o l o g i c a l  a c t i v i t y  ( p r o d u c t i o n  of C02 ---> HCO,) , 

n i t r a t e  and s u l f a t e  i n p u t s  t o  t h e  system, and n i t r a t e  and s u l f a t e  
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r e t e n t i o n  i n  t h e  s o i l  p r o f i l e .  The p h y s i c a l  c o n d i t i o n s  and b i o l o g i c a l  

t r a n s f o r m a t i o n s  t h a t  c o n t r o l  an ion  m o b i l i t y  a r e  i m p e r f e c t l y  understood. 

2.2 CHANGES I N  AVAILABILITY O F  T O X I C  SUBSTANCES 

A c i d i c  f o r e s t  s o i l s  may exper ience pulses o f  ex t reme ly  a c i d  s o i l  

s o l u t i o n  i n  response t o  t h e  r e l e a s e  o f  s u l f a t e  and n i t r a t e  anions f rom 

t h e  l i t t e r  and/or s a i l .  These re leases  a r e  mediated by seasonal 

changes i n  s o i l  mo is tu re ,  temperature,  and b i o l o g i c a l  a c t i v i t y ,  and 

sho r t - te rm c l i m a t i c  changes o r  events such as warm-dry f o l l o w e d  by 

cool-wet pe r iods ,  or storms (H i t t e rmann  and U l r i c h  1984; Turner  e t  a l .  

1985). 

o t h e r  t r a c e  meta ls  t h a t  may be damaging t o  r o o t s ,  mycorrhizae, 

decomposers, and o t h e r  s o i l  m i c r o b i o t a  may be m o b i l i z e d  i n t o  s o l u t i o n .  

The re leases  o f  A1 a r e  due t o  t h e  s a l t  e f f e c t ,  desc r ibed  by Seip (1980) 

and Weuss ( i n  Johnson e t  a l .  1985), i n  which Hf and A13+ 

concen t ra t i ons  i n  s o i l  s o l u t i o n  i nc rease  i n  response t o  an i nc rease  i n  

t o t a l  m i n e r a l  a c i d  an ion  c o n c e n t r a t i o n .  Weathering, b i o l o g i c a l  

r e a c t i o n s ,  and r e d i s t r i b u t i o n  o f  elements may t a k e  p l a c e  b e t  

so t h a t  f u r t h e r  a c i d i f i c a t i o n  o f  t h e  b u l k  s o i l  does n o t  a c t u a l l y  

o c c u r s  I n  t h i s  scenar io ,  damaging e f f e c t s  may occur  i n  a c i d i c  f a r e s t  

s o i l s  w i t h  no need t o  f u r t h e r  a c i d i f y  t h e  s a i l s .  Hypotheses concern ing 

t h e  p o t e n t i a l  t o x i c  e f f e c t s  o f  t r a c e  me ta l s  on r o o t s  and s o i l  

m i c r o b i o l o g i c a l  processes have been reviewed by Mor r i son  (1984) and 

Tabatabai  (1985).  

Dur ing  these a c i d i c  pu lses,  t o x i c  substances such as A l n +  and 

It i s  g e n e r a l l y  accepted t h a t  h i g h  c o n c e n t r a t i o n s  o f  f r e e  aluminum 

can damage tree r o o t s ,  a l t h o u g h  how h i g h  t h a t  c o n c e n t r a t i o n  must be i s  
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d i s p u t e d  and i s  p robab ly  species s p e c i f i c .  S t u d i e s  o f  aluminum 

t o x i c i t y  reviewed by Abrahamsen and T v e i t e  (1983) have suggested t h a t  

c o n c e n t r a t i o n s  o f  80 t o  160 mg LW1 o f  aluminum i n  s o l u t i o n  a r e  

r e q u i r e d  f o r  damage t o  roots o f  f o r e s t  spec ies.  

concluded t h a t  aluminum c o n c e n t r a t i o n s  o f  1 t o  2 mg LV1 i n  

e q u i l i b r i u m  s o i l  s o l u t i o n  c o u l d  darmge r o o t  systems o f  t r e e s .  Watzner 

U l r i c h  e t  a l .  (1980) 

and U l r i c h  (1981) found aluminum c o n c e n t r a t i o n s  o f  up t o  6 mg L-’ i n  

l e a c h a t e  under beech f o r e s t  and up t o  15 mg under spruce f o r e s t .  

U l r i c h  (1983) d iscussed t h e  importance o f  t h e  i n t e r a c t i o n  between 

aluminum and c a l c i u m  i n  t h e  s o i l  and r o o t s  and concluded t h a t  aluminum 

i n j u r y  i s  l i k e l y  when t h e  m o l e c u l a r  r a t i o  o f  c a l c i u m  t o  aluminum i n  t h e  

e q u i l i b r i u m  s o i l  s o l u t i o n  o r  i n  t h e  r o o t s  i s  (1. Abrahamsen (1984) 

r e p o r t e d  r e s u l t s  o f  an exper iment  w i t h  Norway spruce showing aluminum 

t o x i c i t y  when aluminum c o n c e n t r a t i o n  i n  s o l u t i o n  reached 20 mg L-’ o r  

above w i t h  a c a l c i u m  c o n c e n t r a t i o n  o f  3.5 mg Le’. 

Aluminum c o n c e n t r a t i o n  i n  r o o t s  and f o l i a g e  has n o t  been shown t o  

be c l e a r l y  assoc ia ted  w i t h  v i s i b l e  symptoms o f  d e c l i n e .  Johnson and 

Siccama (1984) measured t h e  aluminum c o n t e n t  o f  r e d  spruce r o o t s  and 

f o l i a g e  and found no c o n s i s t e n t  d i f f e r e n c e  i n  aluminum c o n t e n t  between 

h e a l t h y  and d e c l i n i n g  t r e e s .  Bauch (1983) r e p o r t e d  t h a t  t h e  aluminurn 

c o n c e n t r a t i o n  i n  t h e  o u t e r  c o r t e x  o f  f i n e  r o o t s  d i d  n o t  d i f f e r  

s u b s t a n t i a l l y  between h e a l t h y  and d e c l i n i n g  f i r s .  

A l though t h e  aluminum hypo thes i s  has been supported by research  i n  

t h e  Harz Mountains, t h e r e  may be l i m i t a t i o n s  t o  i t s  a p p l i c a b i l i t y .  

Organic and i n o r g a n i c  l i g a n d s  may e f f e c t i v e l y  complex aluminum i n  t h e  
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s o i l  (David and D r i s c o l l  1984; Turner  e t  a l .  1985; Tabatabai 1985) and 

thus  render  t h e  aluminurn u n a v a i l a b l e  o r  n o n t o x i c  t o  r o o t s .  The 

h i g h - e l e v a t i o n  spruce f o r e s t s  i n  t h e  Un i ted  S t a t e s  r o o t  p r i m a r i l y  i n  

o rgan ic  s o i l s  r a t h e r  than  i n  m i n e r a l  s o i l s  as i s  t h e  case f o r  t h e  

f o r e s t s  i n  S o l l i n g ,  Federa l  Republ ic  o f  Germany. Consider ing t h e  

p r e s e n t  evidence, aluminum m o b i l i z a t i o n  and t o x i c i t y  i s  p robab ly  no t  a 

s i g n i f i c a n t  mechanism i n  t h e  Nor th  American f o r e s t s  c u r r e n t l y  showing 

damage. However, aluminum t o x i c i t y  cannot be r u l e d  o u t  i n  a 

c o n s i d e r a t i o n  o f  f o r e s t s  growing on h i g h l y  weathered s o i l s  low i n  

o rgan ic  m a t t e r .  

Tox ic  e f f e c t s  o f  o t h e r  t r a c e  elements on t r e e s  i n  t h e  f i e l d  have 

such as sme l te rs .  except  around p o i n t  sources n o t  been documented 

Changes i n  m i c r o b i a  

i n d i r e c t  e f f e c t s  o f  

a c t i v i t i e s  i n  s o i l s  r e s u l t  ng f rom d i r e c t  o r  

a c i d i c  d e p o s i t i o n  have been reviewed by Tabatabai  

(1985), b u t  no g e n e r a l i z a t i o n s  a r e  p o s s i b l e  on t h e  d i r e c t i o n  o f  t h e  

e f f e c t  ( i . e . ,  b o t h  increases and decreases i n  a c t i v i t y  have been 

observed).  Resu l t s  ob ta ined  have been found t o  be dependent on 

exper imenta l  c a n d i t i o n s ,  types o f  s o i l s  t e s t e d ,  and degree o f  

a c i d i f i c a t i o n .  Organic f o r e s t  f l o o r s  a r e  e f f e c t i v e  accumulators o f  

some heavy meta ls ,  and a d d i t i o n a l  research should i n v e s t i g a t e  p o s s i b l e  

d i r e c t  and i n d i r e c t  e f f e c t s  o f  these accumulat ions on f o r e s t  

p r o d u c t i v i t y .  For  t h e  p resen t ,  however, t h e r e  a r e  no documented 

mechanisms o f  r e g i o n a l  heavy meta l  e f f e c t s  on f o r e s t s  and no r e l i a b l e  

da ta  on geographic d i s t r i b u t i o n  o f  meta ls  i n  f o r e s t s ,  
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3 .  CRITERIA FOR MAPPING SOILS 

3.1 P R E V I O U S  WORK 

Claims about  t h e  pe rvas i ve  t h r e a t  o f  a c i d i c  d e p o s i t i o n  t o  l a r g e  

areas o f  t h e  Un i ted  S ta tes  and Canada have l e d  t o  numerous a t tempts  t o  

map areas t h a t  a r e  s e n s i t i v e  to a c i d i c  d e p o s i t i o n  (Hendrey e t  a l ,  1980; 

Nor ton  1980; McFee 1980; K lopatek  e t  a l .  1988; Hang and Coote 19 

Olson e t  a l . .  1982; Hollowaychuk and L indsey 1982; Wada e t  a l .  1983; 

USEPA 1983; Lucas and Cowell  1984). The b a s i s  o f  these maps has ranged 

f rom s i n g l e - f a c t o r  c o n s i d e r a t i o n s  o f  bedrock s e n s i t i v i t y  t o  m u l t i f a c t o r  

analyses i n c l u d i n g  bedrock, s u r f i c l a l  depos i t s ,  phys iography,  s o i l  

depth,  s o i l  dra inage,  s o i l  chemis t ry ,  v e g e t a t i o n  type, and v e g e t a t i o n  

cover.  Most maps have shown areas o f  h igh ,  moderate, and low 

s e n s i t i v i t y  based on educated, b u t  a r b i t r a r y ,  s e l e c t i o n  and w e i g h t i n g  

o f  s e n s i t i v i t y  values o f  each f a c t o r  i nc luded .  These maps a l l  show 

r e l a t i v e  s e n s i t i v i t y  o f  one r e g i o n  compared w i t h  another ,  dependent on 

t h e  env i ronmenta l  f a c t o r s  considered,  t h e  r e l a t i v e  w e i g h t i n g  o f  each 

f a c t o r  i n  t h e  f i n i a l  mapI t h e  s c a l e  o f  t h e  maps, and t h e  accuracy o f  t h e  

d a t a  used. 

The maps have, however, been c r i t i c i z e d  f o r  t h e i r  l a c k  o f  

d i f f e r e n t i a t i o n  between c r i t e r i a  f o r  a q u a t i c  and t e r r e s t r i a l  e f f e c t s ;  

t h e  use o f  unna tu ra l  mapping u n i t s ;  t h e i r  i n a b i l i t y  t o  show v a r i a b i l i t y  

w i t h i n  mapping u n i t s ;  t h e  su r roga te  and i n a c c u r a t e  da ta  used; t h e  

a r b l t r a r y  n a t u r e  of t h e  s e l e c t i o n  and w e i g h t l n g  o f  s e n s i t i v i t y  values 

used; and f o r  t h e  f a c t o r s  n o t  cons idered,  such as d r y  depos- i t ion  

I n p u t s ,  m ine ra l  weather lng,  h y d r o l o g i c  pathways th rough s o i l s ,  and 
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e lementa l  c y c l i n g  by vege ta t i on .  The maps were produced a t  d i f f e r e n t  

sca les  on d i f f e r e n t  p r o j e c t i o n s  i n  n o n d i g i t a l  f o rm and a r e  d i f f i c u l t  t o  

o v e r l a y  w i t h  maps o f  o t h e r  f a c t o r s ,  such as d e p o s i t i o n  i n p u t s ,  f o r e s t  

types ,  o r  wa te r  q u a l i t y .  here  was no i n t e n t  t o  d e l i n e a t e  dose-response 

o r  t h r e s h o l d  ( t a r g e t )  l o a d  ng r e l a t i o n s h i p s  w i t h  most o f  t hese  maps, 

b u t  t o  be more u s e f u l  f o r  assessment purposes, maps must show areas 

w i t h  c h a r a c t e r i s t i c s  t h a t  can r e l a t e  d e p o s i t i o n  i n p u t s  t o  l e v e l  o f  

change o r  ddmage i n  t e r r e s t r i a l  o r  a q u a t i c  ecosystems. The maps 

produced t o  d a t e  have n o t  been t e s t e d  f o r  accuracy,  and t h e y  have l e d  

t o  t h e  genera t i on  o f  ve ry  l i t t l e ,  i f  agy, new d a t a  s u i t a b l e  f o r  such 

r e g i o n a l  assessments. I t  i s  d o u b t f u l  whether t h e y  have been used t o  

i d e n t i f y  s e n s i t i v e  areas i n  which t o  l o c a t e  new p rocess - leve l  

research .  The l a c k  of i n t e r e s t  i n  t h e  e x i s t i n g  maps p robab ly  stems 

f rom t h e  numerous problems and unknown u n c e r t a i n t y  embodied i n  them and 

a l s o  f rom t h e  f a c t  t h a t  t h e y  show ve ry  few U.S. areas t o  be s e i l s i t i v e  

t o  a c i d i c  d e p o s i t i o n .  

3 . 2  RATIONALE 

Given p a s t  exper ience w i t h  r o i l  s e n s i t i v i t y  maps, why i s  t h e r e  a 

renewed i n t e r e s t  i n  such maps? An assessment o f  f o r e s t  resources a t  

r i s k  t o  a c i d i c  d e p o s i t i o n  i d e a l l y  would q u a n t i f y  t h e  volume (and va lue)  

o f  t i m b e r  threatened by a c i d i c  d e p o s i t i o n  w i t h i n  a g i v e n  t i m e  p e r i o d ,  

and accompanying maps would show where t h e  t i m b e r  i s  l o c a t e d .  When t h e  

1985 NAPAP Assessment was be ing  planned it appeared t h a t  research i n  

t h i s  c o u n t r y  and Europe would e l u c i d a t e  mechanisms o r  hypotheses o f  

f o r e s t  d e c l i n e  t h a t  c o u l d  be r e l a t e d  q u a n t i t a t i v e l y  t o  newly a v a i l a b l e  
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survey d a t a  (USDA SCS 1984a) and more d e t a i l e d  s o i l  chemical  da ta  f o r  

r e g i o n a l  a n a l y s i s  than  had been a v a i l a b l e  p r e v i o u s l y  (Holzhey 

However, t h e  

c h a r a c t e r i  s t  

research  has 

any s o i l  cha 

c u r r e n t  hypotheses o f  f o r e s t  d e c l i n e  i n c l u d e  s o i  

cs as o n l y  one o f  numerous c o n t r i b u t i n g  f a c t o r s .  

n o t  progressed t o  t h e  p o i n t  o f  showing t h r e s h o l d  

a c t e r i s t i c s  a f f e c t i n g  f o r e s t  d e c l i n e .  Rather, i 

1905) 

The 

va lues o f  

suggests 

t h a t  areas w i t h  n u t r i e n t - p o o r  s o i l s  may show damage e a r l i e r  o r  more 

s e v e r e l y  and t h a t  under c o n d i t i o n s  o f  a c i d i c  pu l ses  i n  some s o i l s  

aluminum t o x i c i t y  may r e s u l t .  

The maps produced i n  t h i s  s e c t i o n  a r e  n o t  maps o f  s e n s i t i v i t y  t o  

f o r e s t  damage b u t  show areas w i t h  s o i l  c h a r a c t e r i s t i c s  t h a t  inay 

c o n t r i b u t e  t o  f o r e s t  d e c l i n e .  They need t o  be o v e r l a i d  w i t h  maps o f  

o t h e r  c o n t r i b u t i n g  f a c t o r s  t o  show areas p o t e n t i a l l y  a t  r i s k  t o  damage. 

3 . 3  EMPIRICAL APPROACH 

An e m p i r i c a l  approach m i g h t  be used f o r  s e l e c t i n g  s e n s i t i v i t y  

c r i t e r i a  by i d e n t i f y i n g  t h e  s o i l  c h a r a c t e r i s t i c s  o f  areas where f o r e s t  

d e c l i n e  i s  observed. However, damage occurs i n  f o r e s t s  on many s o i l  

types i n  t h e  Federa l  Republ ic  o f  Germany, a l t h o u g h  some s t u d i e s  

i n d i c a t e  t h a t  i t  may be more severe on s i t e s  poor  i n  magnesium and 

ca l c ium.  I t  i s  p o s s i b l e  t h a t  a c l o s e r  l i n k  between damage s e v e r i t y  and 

s o i l  c h a r a c t e r i s t i c s  c o u l d  be shown i f  more s o i l  chemical  da ta  were 

a v a i l a b l e  f rom analyses showing e f f e c t i v e  n u t r i e n t  a v a i l a b i l i t y ,  r a t h e r  

than  t h e  s tandard a g r i c u l t u r a l  s o i l  analyses.  I n  t h i s  coun t ry ,  c l e a r l y  

documented damage i s  c u r r e n t l y  c o n f i n e d  t o  h i g h - e l e v a t i o n  f o r e s t s ,  f o r  

which ve ry  few s o i l s  d a t a  a r e  a v a i l a b l e .  Thus, t h e  e m p i r i c a l  approach 
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t o  s e l e c t i n g  s e n s i t i v i t y  c r i t e r i a  i s  n o t  very  u s e f u l ,  g i ven  present  

da ta  l i m i t a t i o n s .  

3.4 T H E O R E T I C A L  APPROACH 

Because cause-e f fec t  mechanisms and dose-response r e l a t i o n s h i p s  

f o r  f o r e s t  e f f e c t s  d r e  n o t  a v a i l a b l e  we cons ide r  hypothes ized 

mechanisms and, n e c e s s a r i l y ,  t h e o r e t  c a l ,  un tes ted  s e n s i t i v i t y  

c r i t e r i a .  As concluded i n  Sect .  2 ,  he hypothes ized mechdnisms o f  

s o i l  nwdiated f o r e s t  d e c l i n e  i n c l u d e  (1 )  n u t r i e n t  l each ing  l e a d i n g  t o  

n u t r i e n t  d e f i c i e n c y  and ( 2 )  t o x i c  e f f e c t s  o f  d i s s o l v e d  aluminum i n  

a c i d i c  s o i l s .  

l a b l e  1 l i s t s  p o t e n t i a l  s e n s i t i v i t y  c r i t e r i a  f o r  each hypothes ized 

mechanism. Bounds on some o f  t h e  c r i t e r i a  a r e  n o t  s e t  more 

s p e c i f i c a l l y  than h igh ,  medium, o r  low because q u a n t i t a t i v e  es t imates  

o f  what  t hey  should be a r e  n o t  known. For  f o r e s t  e f f e c t s  these 

c r i t e r i a  have p r e v i o u s l y  been a p p l i e d  p r i m a r i l y  t o  su r face  s o i l  

ho r i zons ,  because most t r e e  r o o t s  occur  i n  approx imate ly  t h e  t o p  25  cm 

o f  s o i l .  However, t o  t h e  e x t e n t  t h a t  deeper r o o t i n g  i s  impor tan t  t o  

inc rementa l  n u t r i e n t  and water  uptake by t r e e s ,  s u b s o i l  hor izons  must 

a l s o  be considered.  Th is  a t  l e a s t  doubles t h e  da ta  requi rements and 

t h e  comp lex i t y  o f  a n a l y s i s  and mapping b u t  p robab ly  i s  necessary. 

The n u t r i e n t - l e a c h i n g  c r i t e r i a  a r e  e s s e n t i a l l y  those o f  Wik lander  

(1973/74)  p l u s  t h e  mob i l e  an ion  concept (Nye and Greenland 1960; 

Johnson and Cole 1989) and have been used i n  most o t h e r  s o i l  

s e n s i t i v i t y  schemes. Other  s e n s i t i v i t y  schemes have n o t  e x p l i c i t l y  
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Table 1. Theoretical soil sensitivity criteria and data availability for two 
hypothesized forest-damage mechenisms 

~ ._.__.I- 

Hypothesis and criteria Data and data sourcea 
(Surrogate data in parentheses) 

_ _ _ ~ .  

Increased nutrient ___ leachirg leadinq to n&tr-i.ent-def iciency 

Moderate base saturation (BS), 

Low-moderate cation exchange 

Moderate pH, pH > 4.5 
Low atmospheric replacement 

Low weathering replacement in soil or 

20% < BS < 60% 

capacity, (CEC), CEC < 15 cmol(+)/kg 

from depth in soil profile 

Anion mobility 
LOW SO$'- retention 
High NO3 availability 

Good soil drainage 

Current nutrient deficiency 

by biological cycling 

Low exchangeable bases (Mg. Ca) 

Aluminum toxicity 

Low BS, BS < 20% 
Low pH, pH < 4 . 5  
High A1 solubility 
Low cation selectivity coefficient 
Very high anion concentrations 
Seasonal/event pulses 

Low A1 complexing 
Low organic carbon, < 2%, 5% 

Low inorganic ligands 

BS for soil taxonomic subgroups - Pedon 

CEC for subgroups - Pedon Data Base 

pH for subgroups - Pedon Data Base 
NADP data for base cations - not 
(Nonreactive bedrock - not available, 

Data Base 

available 

taxonomic class mineralogy - Soils 5 
File, forest type - NRI) 

(Spodosols, others?) 
(Forest type, stand age? - N R I )  
Soil drainage class - Soils 5 

Exchangeable bases for subgroups -- Pedon 
Data Base, (site index, forest 
type - NRI) 

BS for subgroups - -  Pedon Data Base 
pH for subgroups - Pedon Data Rase 
(Not available) 
(Not available) 
(Very high acidic deposition) 
(Extremely we1 1--drained/droughty 

soils? - S o i l s  5 File, specific 
climatic/weather conditions? - NOAA) 

Organic carbon for subgroups - Pedori 
Data Base 

(Not available) 

aSee text, Sect. 4 
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considered weather ing replacement, r e d i s t r i b u t i o n  o f  elements by 

vege ta t i on ,  o r  atmospher ic i n p u t s  o f  base c a t i o n s .  The c r i t e r i a  f o r  

c u r r e n t  n u t r i e n t  d e f i c i e n c y  a r e  s imp ly  low exchangeable bases and low 

replacement o f  bases. Magnesium and c a l c i u m  a r e  o f  p r imary  concern, 

based on t h e  f i e l d  obse rva t i ons  and column l e a c h i n g  exper iments 

d iscussed i n  Sect,  2. A v a i l a b i l i t y  o f  n i t r o g e n ,  phosphorus, o r  

potassium has n o t  Been shown t o  be a f f e c t e d  adve rse l y  by a c i d i c  

d e p o s i t i o n .  

Combinations o f  s o i l  chemical  c h a r a c t e r i s t i c s  t h a t  may l e a d  t o  

aluminum t o x i c i t y  i n  f o r e s t s  may be p r e d i c t e d  u s i n g  t h e  e q u i l i b r i u m  

model o f  Reuss and Johnson (1985).  Model i n p u t s  a r e  €6, c a t i o n  

s e l e c t i v i t y  c o e f f i c i e n t  (KS), so lub  l i t y  o f  aluminum ( K A ) ,  C02 

p a r t i a l  pressure,  and amount o f  mob l e  an ions.  Not a l l  o f  these 

v a r i a b l e s  a r e  a v a i l a b l e  i n  e x i s t i n g  s o i l s  da ta  bases, b u t  by u s i n g  some 

worst-case es t ima tes  f o r  t h e  m iss ing  ones ( i . e . ,  KS = 0.1, KA = 9.0, 

CO p a r t i a l  p ressu re  = 3 , so4 = 500 meq L-’ , ~ 1 - l  = 50 meq L-’ 

t h e  model r e s u l t s  suggest t h a t  a s o i l  must have a BS < 20% and pH < 4.6 

b e f o r e  A 1  i n  s o l u t i o n  reaches 0.5 m I--’. The BS must drop below 

15% b e f o r e  A13+ reaches 1.0 mg L-’, and below 10% b e f o r e  t h e  

c a l c i u m  and aluminum molar  r a t i o  becomes < 1. Note t h a t  these a r e  

p r e d i c t e d  worst-case r e s u l t s ;  model o u t p u t  f o r  seve ra l  New York and 

Maine s o i l s  sampled i n  t h e  1984 EPA P i l o t  S o i l  Survey (USEPA 1985)  

i n d i c a t e s  t h a t  A13+ c o n c e n t r a t i o n  i n  s o l u t i o n  would n o t  exceed 

0.25 mg and t o t a l  monomeric aluminum i n  s o l u t i o n  would n o t  exceed 

0.4 mg L-’ f o r  t hose  s o i l s .  

would be t o x i c  o n l y  i f  i t  were n o t  cornplexed by o rgan ic  o r  i n o r g a n i c  

1 igands.  

2- 
2 

3-i- 

Any p r e d i c t e d  h i g h  A 1 3 +  c o n c e n t r a t i o n  
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4. DATA BASE AND ANALYSIS 

4.1 AVAILABLE DATA 

Table 1 shows t h e  da ta  and p o t e n t i a l  s u r r o g a t e  d a t a  a v a i l a b l e  f o r  

each t h e o r e t i c a l  s e n s i t i v i t y  c r i t e r i o n .  S o i l s  d a t a  f o r  making r e g i o n a l  

assessments o f  s e n s i t i v i t y  t o  a c i d j c  d e p o s i t i o n  a r e  l i m i t e d .  R e l i a b l e  

r e g i o n a l  d a t a  on atmospher ic d e p o s i t i o n ,  geology and weather ing r a t e s ,  

and f o r e s t  c h a r a c t e r i s t i c s  a r e  n o t  y e t  a v a i l a b l e  i n  a uni form,  

v a l i d a t e d ,  machine-readable fo rma t .  

The 1982 SCS N a t i o n a l  Resources I n v e n t o r y  (NRI )  (USDA SCS 1984a) 

c o n t a i n s  l i m i t e d  d a t a  on s o i l  p h y s i c a l  c h a r a c t e r i s t i c s  f o r  o v e r  500,000 

s t a t i s t i c a l l y  s e l e c t e d  p o i n t s  i n  t h e  e a s t e r n  U n i t e d  S ta tes .  The d a t a  

base a l s o  i n c l u d e s  l a n d  use, cove r  type,  f o r e s t  mensurat ional  data,  an 

a r e a l  expansion f a c t o r ,  and a l i n k  t o  t h e  SCS S o i l s - 5  da ta  base f o r  

each p o i n t ,  The N R I  i s  p o t e n t i a l l y  u s e f u l  f o r  a f o r e s t  damage 

assessment b u t  was o r i g i n a l l y  designed f o r  assessment o f  s o i l  e r o s i o n  

and thus  does n o t  have many o f  t h e  d e s i r e d  data.  I t s  p o t e n t i a l  USE i s  

t i e d  t o  t h e  e x t e n t  t h a t  i t  can be l i n k e d  t o  a s o i l - c h e m i s t r y  d a t a  

base, The N R I  i s  ve ry  l a r g e  and d i f f i c u l t  t o  man ipu la te  o r  t o  c o n v e r t  

t o  aggregated map u n i t s  o t h e r  than  t h e  SCS Majo r  Land Resource Areas 

(MLRAs). The i n d i v i d u a l  p o i n t s '  l o c a t i o n s  a r e  n o t  i d e n t i f i e d .  

The SCS S o i l s - 5  d a t a  base (USDA SCS 1984b) c o n t a i n s  taxonomic 

d e s c r i p t i o n s ,  da ta  on p h y s i c a l  c h a r a c t e r i s t i c s  and l i m i t e d  s o i l  

chemical  p r o p e r t i e s  (ranges o f  pH and o r g a n i c  m a t t e r ) ,  p l u s  

i n t e r p r e t i v e  d a t a  on t h e  s u i t a b i l i t y  o f  ove r  22,000 s o i l s  f o r  v a r i o u s  

uses.. The l a c k  o f  s o i l  chemical  d a t a  i n  t h e  da ta  base l i m i t s  i t s  
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usefu lness f o r  a c i d i c  d e p o s i t i o n  assessment, a l t hough  a l a r g e  amount o f  

genera l  i n f o r m a t i o n  on s o i  1 chemical  c h a r a c t e r i s t i c s  can be i n t e r p r e t e d  

f rom t h e  s o i l  taxonomic d e s c r i p t  

1-he SCS N a t i o n a l  Pedon Data 

and p h y s i c a l  da ta  on ove r  12,000 

a r e  three-d imensional  s o i l  bodie 

ground su r face . )  Th i s  da ta  base 

ons f o r  each s o i l .  

Rase (Holzhey 1985) con ta ins  chemical  

pedons i n  t h e  Un i ted  S ta tes  (Pedons 

u s u a l l y  about 1 m square on t h e  

i nc ludes  much o f  t h e  t y p e  o f  chemical  

da ta  needed [pH, exchangeable a c i d i t y ,  exchangeable aluminum, c a t i o n  

exchange c a p a c i t y  ( C E C ) ,  exchangeable bases, BS, and o t h e r s ] .  

U n f o r t u n a t e l y ,  many f o r e s t  s o i l s  a r e  n o t  i nc luded ,  The ana yses used 

a r e  s tandard SCS procedures f o r  a g r i c u l t u r a l  s o i l s  w i t h  c a t  on 

e x t r a c t i o n s  a t  a b u f f e r e d  pH o f  7 ,  r a t h e r  t h a n  a t  f i e l d  pH, snaking t h e  

da ta  d i f f i c u l t  t o  i n t e r p r e t  f o r  a c i d i c  f o r e s t  soils o r  t o  use i n  

e q u i l i b r i u m  models, The da ta  base does n o t  i n c l u d e  i n f o r m a t i o n  on 

s u l f a t e  a d s o r p t i o n  c a p a c i t y ,  a l t hough  it may have o t h e r  parameters t h a t  

can serve as su r roga tes  (e.g. Fe, A1 ox ides;  these and o t h e r  parameters 

need t e s t i n g  f o r  t h e i r  r e l a t i o n s h i p  t o  s u l f a t e  a d s o r p t i o n ) .  Pedons i n  

t h i s  d a t d  base were s e l e c t e d  i n  a n o n s t a t i s t i c a l  f a s h i o n  f o r  d i f f e r e n t  

s p e c i f i c  purposes and were sampled a t  d i f f e r e n t  seasons o f  t h e  yea r  

f rom 1976 t o  1984. I t i s  u n c e r t a i n  what b iases  may be i n h e r e n t  i n  

these data.  The pedons w i t h  chemis t r y  da ta  are,  however, reasonably 

w e l l  d i s t r i b u t e d  g e o g r a p h i c a l l y  across ma jo r  l a n d  resource areas 

(MLRAs), accoun t ing  f o r  25  t o  50% o f  a l l  s o i l  s e r i e s  i n  MLRAs o f  t h e  

eas te rn  lJni t e d  S ta tes  - 
Many s t a t e s  a l s o  have e s s e n t i d l l y  independent s o i l s  da ta  bases i n  

d i v e r s e  formats n o t  e a s i l y  machine readable and n o t  y e t  t i e d  t o  t h e  
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N a t i o n a l  Pedon Data Base, These i n c l u d e  t h e  SCS S o i l  Survey 

I n v e s t i g a t i o n s  Reports (USDA SCS 1966-1981) and more r e c e n t  SCS and 

s t a t e  p u b l i c a t i o n s  f o r  numerous s o i l s ,  b u t  almast a l l  s u f f e r  t h e  same 

l i m i t a t i o n s  as t h e  N a t i o n a l  Pedon Data Base, i n  a d d i t i o n  t o  n o t  b e i n g  

r e a d i l y  a c c e s s i b l e  by computer. Data f o r  t h e  600 pedons i n  t h e  

Pennsylvania Pedon Data Base (Cunningham 1985) an a l s o  f o r  t h e  

64 pedons i n  t h e  1984 EPA P i l o t  S o i l  Survey i n  Ne 

(USEPA 1985) have been added t o  t h e  SCS pedons i n  an i n t e g r a t e d  gedon 

d a t a  base b e i n g  developed a t  QRNL. 

The Geoecology Data Base (Olson e t  a l .  1980) c o n t a i n s  s o i l  

chemis t r y  d a t a  (pH, CEC,  BS, organ’lc m a t t e r ,  and c l a y  c o n t e n t )  for  

t y p i c a l  pedons o f  most s o i l  g r e a t  groups o f  t h e  e a s t e r n  U n i t e d  S t a t e s .  

These d a t a  were d e r i v e d  f o r  t h e  upper 20 t o  25 c n  o f  s o i l  f rom t h e  

pedon d e s c r i p t i o n s  i n  t h e  SCS S o i l  C l a s s i f i c a t  on, Seventh 

Approx imat ion ( S o i l  Survey S t a f f  1960). These da ta  a l s o  are hared on 

pH 7 e x t r a c t i o n s ,  n o t  f i e l d  pH. 

A c i d i c  d e p o s i t i o n  da ta  presented i n  Appendix A a r e  from t h e  Acid 

D e p o s i t i o n  Data Network (ADDNET)  d a t a  base ma in ta ined  a t  ORNL f o r  t h e  

NAPAP (Olson e t  a l .  i n  p r e p a r a t i o n ) .  

4 . 2  ANALYTICAL APPROACH 

The a n a l y s i s  i n v o l v e d  ( 1 )  d e f L n i n g  s e n s i t i v i t y  c r i t e r i a  f o r  each 

hypo thes i s  i n  terms o f  a v a i l a b l e  da ta  as d iscussed p r e v i o u s l y ,  

( 2 )  a p p l y i n g  t h e  c r i t e r i a  t o  t h e  da ta  base t o  c l a s s i f y  s o i l  t ypes  arid 

corresponding map u n i t s ,  ( 3 )  l i n k i n g  t h e  c l a s s i f i c a t i o n  r e s u l t s  w i t h  

t h e  d i g i t a l  map f i l e s  t o  d i s p l a y  p a t t e r n s  o f  p o t e n t i a l l y  s e n s i t i v e  
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s o i l s ,  and ( 4 )  genera t i ng  s t a t i s t i c a l  suinmaries o f  t h e  e x t e n t  o f  s o i l s  

hav ing  t h e  se lec ted  c h a r a c t e r i s t i c s .  Th is  process was repeated a t  

t h r e e  l e v e  s o f  s p a t i a l  r e s o l u t i o n ,  as i s  d iscussed i n  t h e  n e x t  

s e c t i o n .  he process r e q u i r e d  ex tens i ve  e f f o r t s  t o  develop t h e  da ta  

resources and d i g i t a l  f i l e s  f o r  a n a l y s i s  and d i s p l a y ,  i n c l u d i n g  

(1) o b t d i n i n g  t h e  va r ious  da ta  f i l e s ;  ( 2 )  i n p u t t i n g  and r e f o r m a t t i n g  

t h e  da ta  t o  a l l o w  merg ing o f  t h e  f i l e s ;  ( 3 )  check ing  f o r  da ta  

i n c o n s i s t e n c i e s  and e r r o r s  u s i n g  l i s t i n g s ,  e x p l o r a t o r y  s t a t i s t i c a l  

analyses, and themat ic  maps; ( 4 )  e x t r a c t i n g  da ta  f rom themat ic  f i l e s ,  

f o r  example, wet d e p o s i t i o n  l e v e l s ;  and ( 5 )  comp i l i ng  d i g i t a l  

boundar ies o f  s o i l  map u n i t s .  An a t t r i b u t e s  da ta  base was c rea ted  

u s i n g  SAS (1982) f o r  s to rage,  man ipu la t i on ,  and d i s p l a y ,  and d i g i t a l  

map f i l e s  were mainta ined,  manipulated,  and d i sp layed  u s i n g  t h e  ORNL 

GIS (Dur fee  e t  a l . ,  1986).  The sources o f  d a b ,  da ta  base development 

procedures, and da ta  base documentation a r e  g i ven  i n  more d e t a i l  i n  

Brandt  e t  a l .  ( i n  p r e p a r a t i o n ) .  That r e p o r t  desc r ibes  bo th  t h e  

a t t r i b u t e s  da ta  base and t h e  geographic f i l e s  and process ing .  The 

a t t r i b u t e s  da ta  w i  11 be made a v a i  l a b l e  th rough t h e  ADDNET p r o j e c t  

(Olson e t  a l . ,  i n  p r e p a r a t i o n )  as a s e t  o f  SAS da ta  s e t s .  
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5 , l  MAPPING UNITS 

S o i l  c h a r a c t e r i s t i c s  a r e  mapped a t  t h r e e  d i f f e r e n t  l e v e l s  o f  

d e t a i l  on t h r e e  d i f f e r e n t  base maps i n  t h i s  s e c t i o n .  o s t  o f  t hese  

maps a r e  m u l t i f a c t o r  maps showing areas w i t h  d i f f e r e n t  combinat ions 

o f  s o i l  chemical  and p h y s i c a l  c h a r a c t e r i s t i c s .  Append x A shows 

wet a c i d i c  d e p o s i t i o n  f o r  t h e  same areas, and Appendix B shows 

s i n g l e - f a c t o r  maps o f  numerous s o i l  chemical  and phys, ica l  

c h a r a c t e r i s t i c s .  Appendix C l i s t s  t h e  s o i l  subgroups and percentage 

o f  v a r i o u s  f o r e s t  t ypes  i n  d i f f e r e n t  reg ions  o f  t h e  e a s t e r n  U n i t e d  

S t a t e s  t h a t  meet t h e  s e l e c t e d  s o i l s  c r i t e r i a .  

The maps o f  t h e  e a s t e r n  U n i t e d  S t a t e s  use MLRAs as t h e  b a s i c  

mapping u n i t s .  MLRAs a r e  n a t u r a l  reg ions  d e f i n e d  by areas w i t h  s i m i l a r  

c l i m a t e ,  physiography, s o i l s ,  wa te r  resources, p o t e n t i a l  n a t u r a l  

vege ta t i on ,  and l a n d  use (USDA 1981). S o i l  c h a r a c t e r i s t i c s  were 

aggregated f o r  t h e  MLRAs by c a l c u l a t i n g  and mapping t h e  percentage o f  

t o t a l  f o r e s t e d  s o i l  area t h a t  has s o i l  c h a r a c t e r i s t i c s  w i t h i n  c e r t a i n  

ranges (by  l i n k i n g  NRI da ta  p o i n t s  t o  t h e  S o i l s - 5  and Pedon d a t a  

bases).  Fo r  example, F i g .  2 shows 5 g rada t ions ,  t h e  l i g h t e s t  be ing  

MLRAs w i t h  c 5% o f  t h e i r  a rea  hav ing  s o i l  c h a r a c t e r i s t i c s  t h a t  may l e a d  

t o  a r e d u c t i o n  i n  n u t r i e n t  s t a t u s  due t o  l e a c h i n g  by  a c i d  d e p o s i t i o n ,  

t h e  d a r k e s t  b e i n g  NLRAs w i t h  > 50% o f  t h e i r  area hav ing  such 

c h a r a c t e r i s t i c s .  T h i s  procedure a l l o w s  us t o  i d e n t i f y  MLRAs t h a t  have 

even r e l a t i v e l y  sma l l  areas o f  p o t e n t i a l l y  s e n s i t i v e  s o i l s .  
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General S o i l  Map. Great  groups a r e  taxonomic subsets o f  

and suborders,  based on c h a r a c t e r i s t i c s  o f  upper pedogen 

S o i l s  w i t h i n  each g r e a t  group have i n  common s i m i l a r  s o i  

temperature regimes, base s t a t u s ,  and presence o r  absenc 

The maps o f  t h e  n o r t h e a s t e r n  U n i t e d  S ta tes  use t h e  1:2,500,090 

s c a l e  General S o i l  Map o f  t h e  Nor theas te rn  Un i ted  S ta tes  (Smi th 1984) 

as a base. The mapping u n i t s  show areas w i t h  s i r n j l a r  s o i l s ,  r e l i e f ,  

and dra inage.  Each map u n i t  c o n s i s t s  o f  up t o  t h r e e  s o i l  g r e a t  groups 

which a r e  l i s t e d  w i t h  t h e i r  percentage o f  t h e  area o f  each u n i t  on t h e  

s o i l  o rde rs  

c ho r i zons  . 
m o i s t u r e  and 

o f  d i a g n o s t i c  

l a y e r s ,  such as f r a g i p a n s .  These maps a l s o  d i s p l a y  percentages o f  each 

map u n i t  t h a t  have c e r t a i n  f o r e s t  s o i l  c h a r a c t e r i s t i c s ,  based on mean 

c h a r a c t e r i s t i c s  o f  t h e  s o i l  subgroups t h a t  make up t h e  g r e a t  groups. 

The maps o f  t h e  Adirondack Mountain r e g i o n  i n  New York use s o i l  

s e r i e s  o r  a s s o c i a t i o n s  by s lope  phases as t h e  mapping u n i t s .  These 

maps were d i g i t i z e d  by t h e  Adirondack Park Agency f rom county maps 

produced by t h e  SCS a t  a s c a l e  o f  1:62,500 f o r  each o f  the c o u n t i e s  i n  

t h e  Adirondack Park (Ray Curran, personal  communicat ion).  For  map 

u n i t s  w i t h  more t h a n  one s e r i e s ,  t h e  approximate percentage area o f  

We have mapped t h e  percentage o f  

n f o r e s t  s o i l  c h a r a c t e r i s t i c s  

each s e r i e s  w i t h i n  t h e  u n i t  i s  known. 

area w i t h i n  each map u n i t  hav ing c e r t a  

f o r  t hese  maps as w e l l .  

F i g u r e  1 d i s p l a y s  t h e  percentage f f o r e s t e d  s o i l s  i n  t h e  MLRAs o f  

t h e  e a s t e r n  U n i t e d  S t a t e s .  T h i s  map should be used i n  c o n j u n c t i o n  w i t h  

t h e  o t h e r  maps t h a t  f o l l o w  t o  b e t t e r  understand what percentage o f  t h e  

t o t a l  area i n  each MLRA i s  a c t u a l l y  f o r e s t e d .  The p o t e n t i a l  f o r  
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F i g .  1. Percentage o f  a r e a  i n  MLRAs o f  t h e  eastern  Un i ted  S t a t e s  t h a t  i s  
f o r e s t e d .  
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changes i n  f o r e s t e d  s o i l s  i s  o f  most concern because f o r e s t e d  s o i l s  

g e n e r a l l y  a r e  n o t  l imed, f e r t i l i z e d ,  o r  managed l i k e  a g r i c u l t u r a l  s o i l s  

and urban/suburban lands.  

5,2 BASE C A T I O N  LEACHING HYPOTHESIS 

Areas hav ing s o i l  c h a r a c t e r i s t i c s  t h a t  may a l l o w  s u b s t a n t i a l  

n u t r i e n t  l e a c h i n g  r e l a t i v e  t o  t h e  n u t r i e n t  pool  a v a i l a b l e ,  and thus  

u l t i m a t e l y  exper ience i n s u f f i c i e n t  n u t r i e n t s  t o  suppor t  p resen t  l e v e l s  

o f  f o r e s t  p r o d u c t i v i t y ,  a r e  shown i n  F i g .  2 ( a l s o  see Table 2 ) .  The 

c r i t e r i a  used a r e  s o i l s  w i t h  low exchangeable c a t i o n  reserves 

( C E C  < 15 ) ,  a moderate percentage o f  base c a t i o n s  on t h e  s o i l  exchange 

complex (20  < BS < 601, and a moderate pH (pM > 4.5). T h i s  map 

rep resen ts  a p o t e n t i a l  wors t  case f o r  n u t r i e n t - l e a c h i n g  e f f e c t s .  

Actual  n e t  base c a t i o n  d e p l e t i o n  f rom these s o i l s  w i l l  depend on 

(1) a c i d i c  d e p o s i t i o n  i n p u t s  t o  t h e  s o i l ,  ( 2 )  base c a t i o n  i n p u t s  i n  

d e p o s i t i o n ,  ( 3 )  m o b i l i t y  o f  anions th rough  t h e  s o i l ,  ( 4 )  weather ing 

r e a c t i o n s  i n  t h e  s o i l  t h a t  resupp ly  base c a t i o n s  t o  t h e  exchange 

complex, ( 5 )  b i o l o g i c a l  uptake and r e d i s t r i b u t i o n  o f  n u t r i e n t s  w i t h i n  

t h e  s o i l  p r o f i l e ,  and ( 6 )  s o i l  dra inage (Table 1 ) .  

The wet a c i d i c  d e p o s i t i o n  maps shown i n  Appendix A can be o v e r l a i d  

w i t h  t h e  s o i l s  maps t o  g i v e  a rough i d e a  o f  where g r e a t e s t  l e a c h i n g  

cou ld  occur  i f  s u l f a t e  and n i t r a t e  an ions were m o b i l e  i n  t h e  s o i l .  

A s imple worst-case c a l c u l a t i o n  (see Appendix 9 )  suggests t h a t  f o r  a 

s o i l  w i t h  C E C  = 10 cmol (+ ) /kg and 50% BS, 30 years o f  t h e  h i g h e s t  

d e p o s i t i o n  r a t e s  would be r e q u i r e d  t o  reduce BS by 20%, t o  40% 8s; 

80 years o f  wors t  case l e a c h i n g  would reduce BS t o  25%. It i s  unknown 
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what magnitude o f  decline in available nutrients would affect forest 

productivity. Spatial quantification o f  base cation deposition is not 

yet available for the eastern United States. 

Anion mobility through the soil determines whether cations can be 

leached, because a charge balance must be maintained in the soil 

solution. Sulfate is the predominant anion in acidic deposition. Host 

nonglaciated soils adsorb sulfate until their adsorption capacity is 

reached; most glaciated soils have very low sulfate adsorption 

capacities. Therefore, most central and southern U , S .  soils will have 

relatively lower cation leaching rates until the sulfate adsorption 

capacity is filled up, whereas sulfate leaches readily through many 

northeastern and upper midwestern soils. Data on sulfate adsorption 

capac ty i n  soils are limited, but studies suggest that sulfate 

mobil ty in southern soils is increasing (Smith and Alexander 1983; 

Waide and Swank 1985; Johnson et a7. 1984; €3. J .  Cosby,.persanal 

communication). The nitrate anion is also present in acidic deposition 

and may be generated within forest soils as well. Nitrate is highly 

mobile through soils. However, most forests are nitrate limited, and 

nitrate is readily removed from precipitation and soil solution by 

foliage and roots. There is some evidence that high-elevation, mature 

forests may leak nitrate; several field studies are inveStigatiny under 

what conditions this may occur. A t  present, it is not possible to 

reliably relate sulfate or nitrdte mobility t o  other available data. 

Thus, the most we can say is that sulfate mobility i s  generally lower 

in nonglaciated soils than i n  glaciated soils, and base cation leaching 
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would be l ower  i n  c e n t r a l  and southern U . S .  s o i l s ,  a l l  o t h e r  f a c t o r s  

be ing  t h e  same, u n t i l  t h e  s u l f a t e  r e t e n t i o n  c a p a c i t y  was used up. 

Weathering o f  p r imary  and secondary m i n e r a l s  i n  t h e  s o i l  r e leases  

base c a t i o n s  t o  t h e  s o i l  exchange complex. The r a t e  o f  weather ing and 

t h e  chemical  con ten t  o f  t h e  m i n e r a l s  p resen t  determine whether o r  ove r  

what p e r i o d  o f  t i m e  a n e t  r e d u c t i o n  i n  base c a t i o n s  o r  o f  a p a r t i c u l a r  

n u t r i e n t  c a t i o n  occurs on t h e  s o i l  exchangers. Weathering r e a c t i o n s  

may resupp ly  base c a t i o n s  t o  t h e  s o i l  exchange complex as r a p i d l y  as 

a c i d i c  d e p o s i t i o n  leaches them. We c u r r e n t l y  have ve ry  f e w  measures o f  

,weather ing r a t e s  i n  s o i l s ,  e s p e c i a l l y  ove r  t h e  l a r g e  areas o f  t h e  

e a s t e r n  U n i t e d  S t a t e s .  Nor ton (1980) has mapped p o t e n t i a l l y  s e n s i t i v e  

areas,  based on bedrock w e a t h e r a b i l i t y  i n t e r p r e t e d  f rom s t a t e  geology 

maps. These maps, however, a r e  n o t  d i g i t i z e d ,  n o r  a r e  they  u n i f o r m  on 

a r e g i o n a l  sca le;  thus,  t h e y  a r e  n o t  ve ry  u s e f u l  i n  t h i s  c o n t e x t .  S o i l  

Laxonornic f a m i l y  names i n c l u d e  a minera logy c l a s s ,  t e l l i n g  t h e  dominant 

n t h e  d i a g n o s t i c  E h o r i z o n ,  F i g u r e  3 shows s o i l s  t h a t  have 

chemical  c h a r a c t e r i s t i c s  as those i n  F i g .  2, and t h a t  a l s o  

ly minera logy  c lasses  i n d i c a t i n g  t h a t  a g r e a t  deal  o f  

weather ing has a l r e a d y  occurred i n  those s o i l s .  These a r e  s o i l s  i n  

which s u b s t a n t i a l  l e a c h i n g  cou ld  occur  w i t h o u t  r a p i d  replacement by 

weather ing w i t h i n  t h e  s o i l  p r o f i l e ,  r e s u l t i n g  i n  l a r g e  n e t  decreases i n  

B S .  Based on t hese  c r i t e r i a ,  18% o f  eas te rn  U.S. s o i l s ,  m o s t l y  i n  t h e  

southeds t e r n  and m i d - A t l a n t i c  piedmont and c o a s t a l  p l a i n ,  would be 

s e n s i t i v e  t o  n e t  n u t r i e n t  r e d u c t i o n ,  Research i s  ongoing t o  determine 

what f a c t o r s  can be used t o  p r e d i c t  weather ing and l e a c h i n g  r a t e s  on a 

m i n e r a l  

t h e  same 

have fam 
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Soi  

way 

sca 

a r e  

r e g i o n a l  sca le .  T h i s  would f a c i l i t a t e  assessment o f  where weather ing 

can, i n  f a c t ,  keep pace w i t h  n u t r i e n t  l each ing .  

B i o l o g i c a l  uptake o f  n u t r i e n t s  f rom t h e  s o i l  can a l s o  have a 

s i g n i f i c a n t  a c i d i f y i n g  e f f e c t  on s o i l s ,  These processes occur  

n a t u r a l l y  o v e r  t h e  l i f e  o f  a f o r e s t  s tand as i t  matures, because trees 

p r e f e r e n t i a l l y  remove more b a s i c  c a t i o n s  than  anions,  m a i n t a i n i n g  

charge balance by r e l e a s i n g  MI' i o n s  t o  t h e  s o j l  from t h e  r o o t .  

a l o n g  p e r i o d  o f  t i m e  t h e  s tand  would come i n t o  a s t a t e  o f  e q u i l i b r i u m ,  

w i t h  base c a t i o n s  t h a t  were removed b e i n g  rep laced  by  t h e  deca rnpmi t i an  

o f  dead leaves and wood. However, many e a s t e r n  f o r e s t s  today are 

growing on s o i l s  t h a t  were once Farmed ( o f t e n  plowed and l imed)  o r  

d i s t u r b e d  and eroded t o  t h e  s u b s o i l ,  and t h e y  a r e  r e a c i d i f y i n g  t h e  s o i l  

t o  i t s  e q u i l i b r i u m  s t a t e .  Also,  many f o r e s t s  a r e  harvested,  so t h a t  

t h e  n u t r i e n t  c y c l e  i s  never  completed; n u t r i e n t s  a r e  removed f rom t h e  

system b e f o r e  t h e y  can decompose and resupp ly  t h e  exchange complex. 

Over 

a c i d i f i c a t i o n  i s  t hus  exacerbated. We do n o t  a t  p resen t  have a 

o f  measur ing s o i l  a c i d i f i c a t i o n  due t o  f o r e s t  uptake on a r e g i o n a l  

e. Numerous s i t e - s p e c i f i c  s t u d i e s  have been c a r r i e d  ou t ,  and 

under way. In t h e  f u t u r e ,  r e s u l t s  of t hese  s t u d i e s  rnay be l i n k e d  

Use 

olnal 

t o  d a t a  on f o r e s t  t ype ,  s tand age, management p r a c t i c e s ,  and l a n d  

h i s t o r y ,  t o  e s t i m a t e  t h e  magnitude and r e l a t i v e  importance o f  r e g  

r a t e s  o f  a c i d i f i c a t i o n  caused by f o r e s t  uptake. 

A s  mentioned p r e v i o u s l y ,  f o r e s t s  c y c l e  n u t r i e n t s  from t h e  so 1 t o  

f o r e s t  biomass and back t o  t h e  s o i l ,  w i thd raw ing  n u t r i e n t s  f r o  

depth i n  t h e  s o i l  p r o f i l e  and r e d e p o s i t i n g  thern on t h e  su r face .  I n  

some f o r e s t  t ypes  t h i s  c y c l e  i s  ve ry  t i g h t ,  i n v o l v i n g  o n l y  t h e  upper 
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25 cm or so o f  t h e  s o i l ,  w i t h  ve ry  l i t t l e  leakage o f  n u t r i e n t s  below 

t h a t  depth.  I n  o t h e r  f o r e s t  types,  r o o t s  extend t o  g r e a t e r  depths i n  

t h e  s o i l ,  where t h e y  a r e  a b l e  t o  t a k e  up n u t r i e n t s  t h a t  may have 

leached o u t  o f  lhe upper s o i l  h o r i z o n  o r  t o  t a k e  up n u L r i e n t s  weathered 

f rom t h e  r e l a t i v e l y  g r e a t e r  abundance o f  weatherable m i n e r a l s  a t  

depth.  O f  t h e  s o i l s  t h a t  a r e  s u b j e c t  t o  n u t r i e n t  l e a c h i n g  by a c i d i c  

d e p o s i t i o n ,  t h e  sha l l ower  ones may u l t i m a t e l y  be more s e n s i t i v e ,  

because p l a n t s  are? unable t o  extend t h e i r  r o o t s  t o  g r e a t e r  depths t o  

r e t r i e v e  o r  r e p l a c e  t h e  n u t r i e n L 5  t h d t  a r e  ?cached, F i g u r e  4 shows 

s o i l s  t h a t  have t h e  sane chemical  c h a r a c t e r i s t i c s  as  those i n  F i g .  2, 

and t h a l  have a r e s t r i c t i v e  r o o t  l a y e r  [as  d e f i n e d  by USDA SCS (1983) 

based on s o i l  t e x t u r e  and b u l k  d e n s i t y ]  o r  depLh  t o  bedrock < 50 crri. 

There a r e  s o i l s  i n  which subs tan t i a3  leaching c o u l d  occur  w i t h o u t  

replacement through r e c y c l i n g  f rom depth by vege ta t i on .  A p p r o x i  

13% sf  t h e  f o r e s t e d  area o f  t h e  eas te rn  U n i t e d  S ta tes  mee ts  these 

c r i t e r i a .  

If wate r  does n o t  move th rough  t h e  s o i l ,  e i t h e r  downward through 

t h e  p r o f i l e  o r  l a t e r a l l y  downslope, n e t  removal o f  n u t r i e n t s  f rom t h e  

s o i l  p robab ly  w i l l  n o t  occur ,  even w i t h  t h e  m o s t  a c i d i c  d e p o s i t i o n .  

L i k e w i s e ,  s o i l s  i n  l o w - l y i n g  area5  mdy a c t u a l l y  exper ience a n e t  

n u t r i e n t  g a i n  i f  wa te r  flows t o  those s o i l s  from wpslope p o s i t i o n s .  

When we d e l e t e  s o i l s  w l t h  aqu ic  m o i s t u r e  regimes frorir areas h a v i n g  t h e  

s o i l  chemicdl  c r i t e r i a  f o r  n u t r i e n t  l each ing ,  t h e  percentage o f  

p o t e n t i a l l y  s e n s i t i v e  f o r e s t  s o i l s  draps f r o m  41 t o  35% ( i a b l e  2 ) .  

This r e d u c t i o n  occurs i n  a l l  area5 o f  t h e  eas te rn  U n i t e d  S ta tes  b u t  i s  
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Table 2. Percentage o f  forested area i n  the eastern United States that meets selected 
sens i t i v i t y  c r i  t e r i  aa 

Hypothesis and selection c r i t e r i a  
Percentage of 
Forested areas Figure 

Base cation leachingb 
A/€ hori mon 41 2,6,7 
A/E & B hQritOn mean 55 

36 5 

30 

Base cation leaching except pH > S (A/E harizonIc 

Base cation leaching and low weathering (A/E horizon)@ 18 3 

Base cation leaching except cation exchange capacity 
(CEC) < 10 WE hOriZQn)d 

Base cation leaching and res t r i c t i ve  root layer o r  

Base cation leaching and good so i l  drainageg 3s 6 
s h a l l w  bedrock (WE horizonIf 13 4,4 

Low exchangeable bases [<  3 cmol (+)/kg1 
A/E hori  non 
A/€ 4, B hori zon mean 

Lou exchangeable bases [< 1 anol(+)/kgl 
#E hor i zon 
A/€ B B hori zon mean 

A1 mi num tox i  c i  tyh 
A/E horizon 
A/E B B horizon mean 

Aluminum tox i c i t y  except p~ < 5 (ME horizonl i  
Aluminum tox i c i t y  except organic carbon < 2% 
Aluminum tox i c i t y  except organic carbon < 10% 

(A/€ horizon).] 

( M E  hori zon) 

24 1Qsil,12 
20 

6 B-9, B-10 
5 

4 13,14,15 
1 
3 
3 16 

5 

%ee Appendix C fo r  percentage o f  area by forest type, region o f  the United States, 

bCEC < 15 ml (+)/kg, 20% < BS < 60%, pH > 4.5.  

and so i l  subgroups me t ing  the selected c r i t e r i a .  

CEC < 15 an01 (+)/kg, 20% < BS < 60%, pH > 5 .  C 

dCEC < 1Q an01 (+)/kg, 20% < BS < 6Og, pH > 4.5.  

@CEC < 15 mol (+)/kg, 204 < BS < 60%, pH > 4.5, mineralogy classes f e r r i t i c ,  

fCEC < 15 an01 (+)/kg, 20% < BS < 601, pM > 4.5, res t r i c t i ve  root layer or 

’CEC < 15 an01 (+)/kg, 2891 < BS < 609t, pH > 4.5, udic or dryer maisture regime. 

BS < 20%, pH < 4.5, organic carbon < 5%. h 

i 
BS < 2oX, p61 < 5, organic carbon < 2%. 

’BS < 20%, pH C 4.5, organic carbon < 2%. 
%S c 201, p~ < 4.5, organic c a r b n  < 101. 

gibbs i t ic ,  oxidic, siliceous, halloysitic, kaolinitic, or quartzipsamnents. 

shallow bedrock < SO an. 
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p a r t i c u l a r l y  n o t i c e a b l e  i n  s o i l s  o f  t h e  southeastern coas l a l  p l a i n  and 

F l o r i d a  ( F i g .  5 ) .  

F igu res  2-6 and Table 2 i n d i c a t e  t h a t  t h e r e  a r e  s i g n i f i c a n t  areas 

t h a t  may be s e n s i t i v e  t o  a c i d i f i c a t i o n ,  r e d u c t i o n  o f  base s t a t u s  o r  

r e d u c t i o n  i n  t he  poo l  o f  some n u t r i e n t s  a v a i l a b l e  t o  f o r e s t s .  It i s  

n o t  known how l o n g  i t  w i l l  t d k e  f o r  these changes t o  occur;  haw t h e  

changer m i g h t  a f f e c t  f o r e s t  p r o d u c t i v i t y ;  how t h e  areas on t h e  snaps 

would d i f f e r  i f  we v a r i e d  some o f  t h e  s e n s i t i v i t y  c r i t e r i a  (because we 

have o n l y  hypothes ized c r i t e r i a ,  n o t  f i e l d - t e s t e d  t h r e s h o l d s ) ;  o r  what 

areas, i f  any, m i g h t  have changed a l ready .  

W i thou t  knowing r e g i o n a l  d e p o s i t i o n  r a t e s  of  a c i d s  and bases, 

an ion  m o b i l i t y  i n  d i f f e r e n t  s o i l s ,  weather ing r a t e s ,  and v e g e t a t i o n  

c y c l i n g  and removal r a t e s ,  i t  i s  imposs ib le  t o  p r e d i c t  t i m e  t o  

s i g n i f i c a n t  s o i l  change w i t h  any c e r t a i n t y .  We a r e  c u r r e n t l y  g a t h e r i n g  

some o f  these da ta  and search ing f o r  reasonable su r roga tes  o r  es t ima tes  

f o r  t h e  r e s t .  We a r e  a l s o  deve lop ing  a s imple p r e d i c t i v e  model t h a t  

caw be used w i t h  t h e  da ta  and t h a t  can be l i n k e d  t o  a GIs, f o r  s p a t i a l  

a n a l y s i s  and d i s p l a y .  

The b e s t  so i l -change r n ~ d e l  o r  d i s p l a y  i s  o f  l i m i t e d  use t o  f o r e s t  

sensitivity/productivity assessments i f  we do n o t  know f o r e s t  damage 

t h r e s h o l d s  o r  r e l a t i o n s h i p s  between n u t r i e n t  supply  r a t e  and f o r e s t  

p r o d u c t i v i t y .  These d i f f e r  i n  a complex manner f o r  d i f f e r e n t .  species 

grsw-ing under d i f f e r e n t .  c o n d i t i o n s ,  and we may never  be a b l e  t o  

d e t e r m i n i s t i c a l l y  model f o r e s t  response t o  a c i d  d e p o s i t i o n  o r  o t h e r  a i r  

p o l l u t d n t  s t resses .  Reviewers o f  t h i s  p r o j e c t  have suggested t ha t  

mapping s e n s i t i v e  s o i l s  i s  premature u n t i l  we know what t h e  a p p r o p r i a t e  
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s e n s i t i v i t y  o r  damage c r i t e r i a  r e a l l y  a re .  

hypothes ized c r i t e r i a  i s  u s e f u l  f o r  e x p l o r a t o r y  a n a l y s i s ,  e s t i m a t i n g  

p o s s i b l e  worst-case scenar ios  based on e x p l i c i t  hypothes ized c r i t e r i a ,  

suggest ing areas f o r  f i e l d  surveys and process research, and developing 

more s o p h i s t i c a t e d  means o f  s p a t i a l  and temporal  a n a l y s i s  f o r  f u t u r e  

f o r e s t  sensitivity/productivity assessment work. 

t h a t  t h e  maps presented here a r e  t h e  r e s u l t s  o f  ongoing analyses and do 

n o t  n e c e s s a r i l y  rep resen t  f o r e s t e d  areas s e n s i t i v e  t o  a c i d  d e p o s i t i o n .  

The maps rep resen t  t h e  c u r r e n t  s t a t e - o f - t h e - a r t  and s t a t e  o f  sc ience o f  

r e g i o n a l  da ta  a v a i l a b i l i t y ,  da ta  a n a l y s i s  based on hypothes ized 

understanding o f  s o i l  changes and s o i l - p l a n t  r e l a t i o n s h i p s ,  and da ta  

d i s p l a y .  

However, mapping 

We must emphasize 

Table 2 shows t h e  r e s u l t s  o f  changing some o f  t h e  s e l e c t i o n  

c r i t e r i a .  For  example, i n c r e a s i n g  t h e  pH t h r e s h o l d  f o r  t h e  base c a t i o n  

l each ing  c r i t e r i a  t o  5 decreases t h e  p o t e n t i a l l y  s e n s i t i v e  area by 

about  5%. Th is  d i f f e r e n c e  i s  s i g n i f i c a n t  i n  t h e  southern and upper 

midwestern s o i l s  (compare F i g .  6 ,  w i t h  F ig .  2) ,  which a r e  g e n e r a l l y  

h i g h e r  i n  pH than  n o r t h e a s t e r n  s o i l s .  Reducing t h e  CEC f rom 1 5  t o  

10 cmol (+) /kg decreases t h e  p o t e n t i a l l y  s e n s i t i v e  area by about lo%, 
t o  30% o f  t h e  t o t a l  f o r e s t e d  area.  

F igures  7 and 8 d i s p l a y  t h e  areas t h a t  meet t h e  chemical c r i t e r i a  

f o r  base c a t i o n  l each ing  f o r  t h e  n o r t h e a s t e r n  s t a t e s  and f o r  t h e  

Adirondack Mountain r e g i o n  o f  New York. Note t h e  i n c r e a s i n g l y  

heterogeneous d i s t r i b u t i o n  o f  p o t e n t i a l l y  s e n s i t i v e  mapping u n i t s  

( d a r k e r  c o l o r s )  as t h e  l e v e l  o f  d e t a i l  i n  t h e  maps ge ts  f i n e r .  The 

n o r t h e a s t e r n  Un i ted  S ta tes  map i s  based on s o i l  chemical  da ta  
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aggregated t o  t h e  g r e a t  group taxonomic l e v e l .  It i s  n o t  p o s s i b l e  t o  

r e l a t e  s o i l  s e r i e s - s p e c i f i c  minera logy c lasses  o r  s o i l  depths t o  g r e a t  

groups, so we cannot r e l i a b l y  i n d i c a t e  s o i l s  i n  which n u t r i e n t  l e a c h i n g  

may be h i g h  and weather ing r a t e s  low o r  s o i l  depths s h a l l o w  on t h e  

p resen t  map. F i g u r e  9 shows areas i n  t h e  Adirondacks where n e t  

l e a c h i n g  o f  base c a t i o n s  cou ld  OCCUP w i t h o u t  r e c y c l i n g  by p l a n t s  f rom 

below 50 cm i n  t h e  s o i l  p r o f i l e .  There a r e  no s o i l s  i n  t h e  Adirondacks 

w i t h  minera logy c lasses  t h a t  i n d i c a t e  t h a t  t hey  a r e  a l r e a d y  h i g h l y  

weathered, Space l i m i t s  t h e  number of  "what i f "  games t h a t  can be 

p layed here,  b u t  t h e  da ta  base and GIs a r e  a v a i l a b l e  t o  generate maps 

and summary s t a t i s t i c s  f o r  new c r i t e r i a  as they  a r e  hypothes ized o r  

v e r i f i e d  i n  t h e  f i e l d .  

Whether t.here a r e  s o i l s  i n  t h e  e a s t e r n  Un i ted  S ta tes  t h a t  may 

a l r e a d y  have a c i d i f i e d  i n  response t o  a c i d  d e p o s i t i o n  i s  d i f f i c u l t  t o  

determine u s i n g  t h e  a v a i l a b l e  da ta .  We can, however, d i s p l a y  areas 

w i t h  s o i l s  t h a t  c u r r e n t l y  have low amounts o f  exchangeable bases 

(F igs .  10-12). These areas may c u r r e n t l y  have base c a t i o n  d e f i c i e n c i e s  

t h a t  a r e  growth l i m i t i n g  t o  some species o r  t h a t  predispose f o r e s t s  t o  

damage f rom o t h e r  s t resses .  To date,  f o r e s t  d e c l i n e  t h a t  can be 

a t t r i b u t e d  t o  base c a t i o n  d e f i c i e n c y  has n o t  been documented i n  t h e  

e a s t e r n  Un i ted  S ta tes ,  b u t  t h e  f o r e s t  d e c l i n e  observed i n  some areas o f  

t h e  Adirondacks, t h e  New Jersey Pine Barrens, and i n  some southeastern 

p ines  may be l i n k e d  t o  low n u t r i e n t  l e v e l s .  

Table 2 shows t h e  l a r g e  d i f f e r e n c e  i n  area between a t h r e s h o l d  o f  

3 and a t h r e s h o l d  o f  1 cmol(+)/kg o f  exchangeable bares.  The c r i t i c a l  

t h r e s h o l d  w i l l  be species s p e c i f i c ;  as exchangeable bases a r e  leached, 
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ORNL-DWG 85-10286 

Percent Forested Soils With Cation Exchange Capacity < 15 cmol(+)/kg, 
Base Saturation 20% - 60%, And pH > 4.5 

F i g .  2. Percentage o f  a r e a  i n  MLRAs o f  t h e  eastern  Un i ted  S t a t e s  having 
fores ted  sur face  s o i l s  w i t h  chemical c h a r a c t e r i s t i c s  t h a t  may l e a d  
t o  a reduct ion  i n  base n u t r i e n t  s t a t u s  because o f  l each ing  by a c i d  
d e p o s i t i o n .  
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ORNL-DWG 86-6939 

Percent Forested Soils with Cation Exchange Capacity < 15 cmol(+)/Kg, 
Base Saturation 20%-80%. pH > 4.5. and Lor Weathering Potential 

F i g .  3 Percentage o f  a rea  i n  MLRAs o f  t h e  eastern  Un i ted  S t a t e s  having 
(1) f o r e s t e d  sur face  s o i l s  w i t h  chemical c h a r a c t e r i s t i c s  t h a t  may 
l e a d  t o  a reduct ion  i n  base n u t r i e n t  s t a t u s  because o f  l each ing  by 
a c i d  d e p o s i t i o n  and ( 2 )  low base c a t i o n  replacement by weather ing.  
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ORNL-DWG 86-6940 

Percent Forested Soils with Cation Exchange Capacity < 15 cmol(+)/Kg. 
Base Saturation 20%-80%. pH > 4.5. and Rooting Depth < 50 cm 

Fig .  4.  Percentage of area i n  MLRAs o f  the  eastern United S ta tes  having 
(1)  forested surface s o i l s  w i t h  chemical charac te r i s t ics  t h a t  
may lead t o  a reduction i n  base nut r ien t  s t a t u s  because o f  leaching 
by acid deposition and ( 2 )  shallow ( <  50 cm) d e p t h  t o  a 
root - res t r ic t ive  horizon o r  depth t o  bedrock resul t ing i n  low 
replacement of base cations by vegetation cycling from lower s o i l  
horizons t o  the  surface. 
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ORNL-DWG 86-6948 

Percent Forested Soils with Cation Exchange Capacity <15 cmol( +)/kg, 
Base Saturation 20%-60%, pH > 4.5, and Good Soil Drainage 

Fig. 5 .  Percentage of area in MLRAs o f  the eastern United States having 
( 1 )  forested surface s o i l s  with chemical characteristics t h a t  may 
lead t o  a reduction in base nutrient status because of leaching by 
acid deposition, and ( 2 )  udic or dryer so i l  moisture regime. 
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ORNL-DWG 86-6941 

Percent Forested Soils with Cation Exchange Capacity < 15 cmol(+)/Kg, 
Base Saturation 20%-60% and pH > 5 

F i g .  6. Percentage o f  area i n  MLRAs o f  the  eastern United States  having 
forested surface s o i l s  w i t h  chemical charac te r i s t ics  t h a t  may lead 
t o  a reduction i n  base nut r ien t  s t a t u s  because of leaching by acid 
deposition (pH threshold s e t  a t  5 ) .  
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ORNL-DWG 85-10288 

Percent Forested Soils With Cation Exchange Capacity < 15 cmol( +)/kg, 
Base Saturation 20%-60%. and pH > 4.5 

F i g .  8. Percentage o f  f o r e s t e d  sur face  s o i l s  i n  t h e  Adirondack r e g i o n  
o f  New York having sur face  s o i l s  w i t h  chemical c h a r a c t e r i s t i c s  
t h a t  may l e a d  t o  a reduct ion  i n  base n u t r i e n t  s t a t u s  because 
o f  l e a c h i n g  by a c i d  d e p o s i t i o n .  
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ORNL-DWG 86-6942 

Percent Forested Soils with Cation Exchange Capacity < 15 cmol(+)/Kg, 
Base Saturation 20%-60%. pH > 4.5, and Rooting Depth < 50 cm 

F ig .  9. Percentage o f  f o r e s t e d  s u r f a c e  s o i l s  i n  t h e  Adirondack r e g i o n  
o f  New York w i t h  (1) chemical c h a r a c t e r i s t i c s  t h a t  may lead  t o  
a r e d u c t i o n  i n  base n u t r i e n t  s t a t u s  because of l e a c h i n g  by 
a c i d  d e p o s i t i o n  and ( 2 )  sha l l ow  ( <  50-cm) depth  t o  a r o o t  
r e s t r i c t i v e  h o r i z o n  o r  depth  t o  bedrock r e s u l t i n g  i n  low 
replacement o f  base c a t i o n s  by v e g e t a t i o n  c y c l i n g  f rom lower  
s o i l  ho r i zons  t o  t h e  su r face .  
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ORNL Dub 85-15735 

F i g .  10. Percentage o f  a rea  i n  MLRAs o f  t h e  eastern  Un i ted  S t a t e s  having 
f o r e s t e d  sur face  s o i l s  w i t h  exchangeable bases < 3 cmol (+)/kg. 
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ORNL-DWG 86-6960 

F ig .  11. Percentage of f o r e s t e d  sur face soils i n  t h e  n o r t h e a s t e r n  
Un i ted  S ta tes  w i t h  exchangeable bases < 3 cmol(+)/kg. 
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species r e q u i r i n g  l a r g e  s o i l - n u t r i e n t  reserves w i l l  d e c l i n e ,  and more 

t o l e r a n t  species w i l l  invade. 

area i f  t h e  B h o r i z o n  i s  cons idered i n  t h e  assessment. A l though t o t a l  

C E C  i n  B ho r i zons  i s  o f t e n  lower  than  i n  upper hor izons ,  t h e  BS 

s a t u r a t i o n  i s  g e n e r a l l y  h i g h e r  i n  t h e  B hor izon ;  thus ,  t o t a l  a v a i l a b l e  

bases may a l s o  be h ighe r .  

i n  such s o i l s  when n u t r i e n t s  a r e  leached f rom t h e  upper ho r i zons .  

Table 2 a l s o  shows a lower  percentage o f  

Deep-rooted species would be a t  an advantage 

I n  f u t u r e  work w i t h  t h i s  hypothes is ,  we w i l l  use N R I  s i t e  d a t a  t o  

l i n k  a c i d i c  d e p o s i t i o n  r a t e s  f o r  t h e  s i t e s  w i t h  p resen t  f o r e s t  types ,  

stand ages and basa l  areas, s o i l  n u t r i e n t  s t a t u s  and leach ing  

c h a r a c t e r i s t i c s ,  and s i t e  index  f o r  t h e  Kuch ler  c l imax  species f o r  

those s i t e s .  Th is  w i l l  enable assessment o f  whether s o i l - n u t r i e n t  

l e a c h i n g  cou ld  s u b s t a n t i a l l y  reduce base c a t i o n  n u t r i e n t s  r e l a t i v e  

t h e  demands o f  t h e  f o r e s t  t y p e  o f  each s i t e .  

5.3 ALUMINUM T O X I C I T Y  HYPOTHESIS 

Areas w i t h  s o i l  c h a r a c t e r i s t i c s  t h a t  may lead  t o , h i g h  

concen t ra t i ons  o f  aluminum i n  s o l u t i o n  (acco rd ing  t o  t h e  so 1 chem 

c r i t e r i a  i n  Table 1) a r e  shown i n  F igs .  13-15. These areas a r e  

r e l a t i v e l y  smal l  i n  e x t e n t  ( 3  t o  4% o f  t h e  t o t a l  f o r e s t e d  a rea ) .  

t o  

ca 1 

I n c l u d i n g  B-horizon c h a r a c t e r i s t i c s  reduces t h e  a r e a l  e x t e n t  t o  (1% 

(Tab le  2 )  because o f  h i g h e r  pH and BS i n  t h e  B ho r i zon .  Somewhat 

l a r g e r  areas would r e s u l t  i f  s o i l  o rgan ic  carbon were n o t  so h i g h  i n  

these f o r e s t  s o i l s ,  e s p e c i a l l y  i n  t h e  Nor theas t .  Organic m a t t e r  

e f f e c t i v e l y  complexes aluminum i n  s o i l s  and i n  s o i l  s o l u t i o n ,  a l t hough  

i t  i s  u n c e r t a i n  how t h e  percentage o f  o rgan ic  carbon i n  t h e  b u l k  s o i l  
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r e l a t e s  t o  d i s s o l v e d  o rgan ic  carbon i n  s o l u t i o n .  F i g u r e  16 shows areas 

w i t h  p o t e n t i a l  aluminum t o x i c i t y  problems i f  t h e  s o i l  o rgan ic  carbon 

t h r e s h o l d  i s  reduced t o  2%. Such a r e d u c t i o n  e l i m i n a t e s  any 

p o t e n t i a l l y  s e n s i t i v e  areas i n  t h e  Nor theast .  

5.4 UNCERTAINTY I N  THE ANALYSIS 

U n c e r t a i n t y  i n  t h i s  a n a l y s i s  stems f rom many sources, i n c l u d i n g  

t h e  v a l i d i t y  o f  t h e  hypothes ized s e n s i t i v i t y  c r i t e r i a ,  accuracy o f  t h e  

s o i l  chemis t r y  data,  and approp r ia teness  o f  t h e  map u n i t s  se lec ted .  

There a r e  always i n c l u s i o n s  o f  d i f f e r e n t  s o i l s  w i t h i n  map u n i t s  no 

m a t t e r  what s c a l e  o f  mapping i s  se lec ted .  It i s  i m p o r t a n t  t o  be a b l e  

t o  q u a n t i f y  t h e  v a r i a b i l i t y  o f  s o i l  c h a r a c t e r i s t i c s  w i t h i n  map u n i t s ,  

t o  compare t h a t  w i t h  t h e  v a r i a b i l i t y  among map u n i t s ,  and t o  q u a n t i f y  

t h e  e f f e c t  o f  t h a t  v a r i a b i l i t y  on t h e  assessment be ing  made. 

F u r t h e r  p rocess - leve l  research  i s  needed t o  v a l i d a t e  and improve 

t h e  s e n s i t i v i t y  c r i t e r i a .  Threshold va lues o f  n u t r i e n t  and t o x i n  

l e v e l s  must be determined f o r  spec ies o f  concern b e f o r e  an a n a l y s i s  o f  

s o i l  c h a r a c t e r i s t i c s  can l e a d  t o  a q u a n t i t a t i v e  assessment o f  p o t e n t i a l  

f o r e s t  damage. 

S o i l  chemis t r y  can g e n e r a l l y  be determined t o  2 10% p r e c i s i o n .  

Systemat ic  v a r i a b i l i t y  between s o i l s  l a b o r a t o r i e s  i n  d i f f e r e n t  s t a t e s  

o r  reg ions  i s  t hough t  t o  be min imal  b u t  may occu r  (USEPA, 1985).  Such 

sys temat i c  v a r i a b i l i t y  c o u l d  b i a s  r e g i o n a l  comparisons o f  d a t a  b u t  i s  

a t  p r e s e n t  u n q u a n t i f i a b l e .  

O f  much more concern i s  t h e  u n c e r t a i n t y  o f  t h e  v a r i a b i l i t y  w i t h i n  

s o i l  t ypes .  A n a l y s i s  o f  t h e  v a r i a b i l i t y  w i t h i n  taxonomic subgroups and 
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o f  t h e  v a r i a b i l i t y  o f  s o i l  s e r i e s  w i t h i n  t h e  subgroups i s  c o n t i n u i n g  i n  

an e f f o r t  t o  determine whether t h e  subgroup i s  a u s e f u l  l e v e l  o f  

agg rega t ion  f o r  s o i l  chemical c h a r a c t e r i s t i c s  o r  whether t h e  s e r i e s ,  o r  

some o t h e r  g roup ing  o f  taxonomic c lasses ,  should be used. Th is  

a n a l y s i s  w i l l  a i d  i n  de te rm in ing  t h e  most u s e f u l  and economic l e v e l  o f  

aggregat ion ,  a d d i t i o n a l  da ta  needed, and t h e  s c a l e  o f  a n a l y s i s  and 

d i s p l a y  r e q u i r e d  i n  f u t u r e  assessments t o  be more u s e f u l  i n  q u a n t i f y i n g  

f o r e s t  resources a t  r i s k  t o  a c i d i c  d e p o s i t i o n .  
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ORNL-DWG 85- 10290 

Percent Forested Soils With Base Saturatioh 207, 
pH < 4.5,  And Orgenic C'nrhon . 57, 

w a -  

F i g .  13 .  Percentage o f  a r e a  i n  MLRAs o f  t h e  e a s t e r n  Un i ted  S t a t e s  
having f o r e s t e d  sur face  s o i l s  w i t h  chemical c h a r a c t e r i s t i c s  
t h a t  could l e a d  to t o x i c  l e v e l s  o f  aluminum i n  s o i l  s o l u t i o n  
f o r  some f o r e s t  species .  
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ORNL-DWG 85-10292 

Percent Forested Soils With Base Saturation < 20% 
pH > 4.5, And Organic Carbon < 5% 

F i g .  1 5 .  Percentage of forested surface s o i l s  in the Adirondack region 
o f  New York with chemical characteristics that could lead to  
toxic  leve ls  of aluminum in so i l  solution for  some forest  species .  
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O W L  DUG 85-15742 

Percent Forested Soils with Base Saturation < 20%. 
pH < 4.5, and Organic Carbon < 2% 

F i g .  16.  Percentage o f  area i n  MLRAs o f  t h e  e a s t e r n  U n i t e d  S t a t e s  hav ing  
f o r e s t e d  s u r f a c e  s o i l s  w i t h  chemical  c h a r a c t e r i s t i c s  t h a t  c o u l d  
l e a d  t o  t o x i c  l e v e l s  o f  aluminum i n  s o i l  s o l u t i o n  f o r  some f o r e s t  
spec ies ( o r g a n i c  carbon t h r e s h o l d  s e t  t o  2%). 
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6 .  SUMMARY AND CONCLUSIONS 

6.1 COMPARISON WITH S E N S I T I V I T Y  FOR LAKES AND WATERSHEDS 

S e n s i t i v i t y  c h a r a c t e r i s t i c s  o f  s o i l s  f o r  f o r e s t  e f f e c t s  a r e  

s i m i l a r  t o  those  f o r  a c i d i f i c a t i o n  o f  a q u a t i c  systems. I n  b o t h  cases 

s o i l s  w i t h  moderate-to-high C E C  and BS a r e  considered l e s s  s e n s i t i v e  o r  

i n s e n s i t i v e  because o f  a h i g h  c a p a c i t y  f o r  base c a t i o n  exchange 

b u f f e r i n g .  I n  b o t h  cases a c i d i c  s o i l s  w i t h  low BS a r e  considered 

s e n s i t i v e  because o f  t h e  s a l t - e f  fect -mediated r e l e a s e  o f  H+ and 

A13+ t o  s o i l  s o l u t i o n .  

and a q u a t i c  organisms b u t  a l s o  may reduce s o l u t i o n  a l k a l i n i t y  below 

zero,  caus ing t h e  wa te r  t o  r e t a i n  t h e  low s o i l - s o l u t i o n  pH when i t  

emerges i n t o  s u r f a c e  waters  and degasses CO Wi thou t  t h i s  

s a l t - e f f e c t  r e d u c t i o n  i n  a l k a l i n i t y  t h e  low-pH s o i l  s o l u t i o n  would r i s e  

s u b s t a n t i a l l y  i n  pH when i t  emerges i n  s u r f a c e  waters  and degasses 

C02 (Reuss and Johnson 1985). 

T h i s  r e l e a s e  may have t o x i c  e f f e c t s  on p l a n t s  

2 '  

I n  t h e  pas t ,  s o i l  s e n s i t i v i t y  c r i t e r i a  f o r  f o r e s t  e f f e c t s  have 

considered o n l y  s u r f a c e - s o i l  c h a r a c t e r i s t i c s .  It i s  now though t  t h a t  

f o r  deep s o i l s  and deep-root ing f o r e s t  spec ies,  t h e  more benign 

c h a r a c t e r i s t i c s  o f  t h e  deeper h o r i z o n s  may a l l o w  t r e e s  t o  accommodate 

n u t r i e n t  d e f i c i e n c y  o r  t o x i c  substances i n  s u r f a c e  s o i l s .  S o i l  

s e n s i t i v i t y  f o r  a q u a t i c  e f f e c t s  i s  c r i t i c a l l y  dependent on t h e  depth o f  

t h e  s o i l  and unconso l i da ted  m a t e r i a l s ,  t h e  chemical  c h a r a c t e r i s t i c s  o f  

t h e  deeper m a t e r i a l s ,  s p a t i a l  v a r i a b i l i t y  o f  s o i l s  w i t h  topograph ic  

l o c a t i o n  w i t h i n  watersheds, and h y d r o l o g i c  pathways th rough  these  

m a t e r i a l s .  Aqua t i c  c h e m i s t r y  i s  c o n t r o l l e d  by t h e  r e l a t i v e  amounts o f  
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wa te r  f l o w i n g  th rough  m a t e r i a l s  w i t h  d i f f e r e n t  chemical  c h a r a c t e r i s t i c s  

i n  d i f f e r e n t  p a r t s  o f  t h e  watershed ( G o l d s t e i n  and G h e r i n i  1984; Turner  

e t  a l .  1986).  Thus, s o i l s  f o r  f o r e s t  e f f e c t s  assessment a r e  l i k e l y  t o  

be t h e  upper ho r i zons  o f  t h e  s p a t i a l l y  more i m p o r t a n t  upland s o i l s ,  

whereas t h e  s o i l s  c r i t i c a l  t o  a q u a t i c  e f f e c t s  assessment may be t h e  

deeper ho r i zons  o f  upland s o i l s  and s u r f a c e  and s u b s o i l  ho r i zons  o f  

s ide -s lope  and lowland s o i l s  where r u n o f f  i s  generated i n  watersheds. 

F i g u r e  17 shows areas i n  t h e  e a s t e r n  U n i t e d  S t a t e s  hav ing 

ex t reme ly  a c i d i c  s u r f a c e  s o i l s  w i t h  r a p i d ,  s h a l l o w  r u n o f f .  Under these 

c o n d i t i o n s ,  t h e  s a l t - e f f e c t - m e d i a t e d  r e l e a s e  o f  H+ and A1 t o  s o i l  

s o l u t i o n  cou ld  r e s u l t  i n  a c i d i c  s u r f a c e  waters .  Areas hav ing these 

s o i l  c o n d i t i o n s ,  p l u s  h i g h  r u n o f f  r a t e s  ( F i g .  1 8 ) ,  and h i g h  a c i d i c  

d e p o s i t i o n  r a t e s  (appendix A )  would be expected t o  have a g r e a t e r  

p r o p o r t i o n  o f  a c i d i c  l akes  and streams than  o t h e r  areas.  

3+ 

6.2 VALIDATION AND TESTING OF MAPS 

These maps and ongoing analyses o f  pedon d a t a  and map-unit 

v a r i a b i l i t y  have been used i n  p l a n n i n g  t h e  EPA s o i l  survey t o  be 

c a r r i e d  o u t  as p a r t  o f  t h e  USEPA D i rec t /De layed  Response P r o j e c t  

assess ing r e g i o n a l  s e n s i t i v i t y  o f  a q u a t i c  systems t o  a c i d i c  

d e p o s i t i o n .  Resu l t s  o f  t h a t  s o i l  survey w i l l  be used t o  v a l i d a t e  and 

improve these maps. These maps should a l s o  be used i n  p l a n n i n g  t h e  

t e r r e s t r i a l  e f f e c t s  survey and i n  l o c a t i n g  p rocess - leve l  research on 

f o r e s t  e f f e c t s .  Resu l t s  o f  t h e  t e r r e s t r i a l  survey and e f f e c t s  research 

can a l s o  be used t o  v a l i d a t e  and improve t h e  mapping c r i t e r i a ,  map 

u n i t s ,  and da ta  base. 
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ORNl  OW. 85-15744 

Percent Forested Soils with pH < 4.5, Base Saturation < 20%. 
and Hydrologic Group C or D 

F i g .  17.  Percentage of a rea  i n  MLRAs o f  t h e  e a s t e r n  U n i t e d  S ta tes  
hav ing  ex t reme ly  a c i d i c  f o r e s t e d  s u r f a c e  s o i l s  w i t h  r a p i d ,  
s h a l l o w  r u n o f f .  
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0 

g 

Runoff in Centimeters 

F i g .  18. Average annual r u n o f f  i n  t h e  e a s t e r n  U n i t e d  S ta tes .  Runoff was 
d i g i t i z e d  f rom Busby (1966)  and p l o t t e d  w i t h  MLRA boundar ies f o r  
re fe rence .  
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6.3 CONCLUSIONS 

Given t h e  c u r r e n t  understanding o f  a c i d i c  d e p o s i t i o n  e f f e c t s  on 

s o i l s  and o f  p o t e n t i a l  so i l -med ia ted  e f f e c t s  on f o r e s t  p r o d u c t i v i t y ,  

and g i v e n  t h e  a v a i l a b l e  s o i l  chemical  data,  t h e r e  appears t o  be a 

s i g n i f i c a n t  percentage o f  f o r e s t e d  s o i l s  (up t o  40%) t h a t  may be 

s u b j e c t  t o  a decrease i n  n u t r i e n t  s t a t u s  because o f  l e a c h i n g  by a c i d i c  

d e p o s i t i o n .  A few s o i l s ,  occupying smal l  areas o f  t h e  eas te rn  U n i t e d  

S t a t e s  (up  t o  4% o f  f o r e s t e d  a rea ) ,  may have c h a r a c t e r i s t i c s  t h a t  cou ld  

l e a d  t o  aluminum t o x i c i t y  f o r  some f o r e s t  spec ies.  The number o f  s o i l s  

and t h e  area c o u l d  be g r e a t e r  i f  s u b s t a n t i a l  l e a c h i n g  o f  base c a t i o n s  

occurs i n  s o i l s  w i t h  pH < 4.5 w i t h o u t  replacement by weather ing o r  

atmospher ic i n p u t s .  However, changes i n  many s o i l s  i n  t h e  c e n t r a l  and 

southern U n i t e d  S t a t e s  may be delayed by t h e  l a r g e  s u l f a t e  a d s o r p t i o n  

c a p a c i t y  o f  many o f  t hose  s o i l s .  

areas o f  s o i l s  w i t h  l ow  base-cat ion n u t r i e n t  s t a t u s ,  e s p e c i a l l y  i n  t h e  

Southeast  and i n  n o r t h e r n  New England. Fo res ts  i n  these areas may be 

There may a l r e a d y  be s u b s t a n t i a l  

predisposed t o  damage by o t h e r  s t r e s s e s .  

To b e t t e r  assess p o t e n t i a l  so i l -med ia ted  e f f e c t s  o f  a c i d i c  

d e p o s i t i o n  on f o r e s t  p r o d u c t i v i t y ,  we need a b e t t e r  understanding o f  

t h e  mechanisms o f  f o r e s t  d e c l i n e .  Dose-response r e l a t i o n s h i p s  and 

t h r e s h o l d  va lues f o r  d i f f e r e n t  spec ies need t o  be determined f rom 

f o r e s t  growth s t u d i e s  and f i e l d  man ipu la t i ons  i n  d i f f e r e n t  t ypes  o f  

s o i l s .  Other  f a c t o r s ,  such as p o l l u t a n t  l o a d i n g  and c l i m a t e ,  can t h e n  

be added t o  t h e  assessment i n  an ecosystem-level  a n a l y s i s  f o r  d i f f e r e n t  

f o r e s t  t ypes  i n  d i f f e r e n t  l o c a t i o n s .  
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A lso  needed i s  a b e t t e r  understanding o f  s p a t i a l  p a t t e r n s  o f  s o i l  

chemical  c h a r a c t e r i s t i c s ,  e s p e c i a l l y  an ion  m o b i l i t y  and r a t e s  o f  

weather ing replacement o f  base c a t i o n s .  We need t o  determine t h e  most 

u s e f u l  and economic l e v e l  o f  agg rega t ion  o f  s o i l s  and t o  f u r t h e r  

develop techniques o f  s p a t i a l  a n a l y s i s  a t  a s c a l e  t h a t  w i l l  a l l o w  us t o  

q u a n t i f y  and l o c a t e  areas w i t h  d i f f e r e n t  f o r e s t  t ypes  a t  r i s k  t o  a c i d i c  

d e p o s i t i o n  o r  o t h e r  p o l l u t a n t  i n p u t s .  U n t i l  we can b e t t e r  i d e n t i f y  

f o r e s t  d e c l i n e  mechanisms, dose-response r e l a t i o n s h i p s ,  and t h r e s h o l d  

va lues o f  assoc ia ted  s o i l  chemical  c h a r a c t e r i s t i c s ,  s imp le  conceptual  

models a r e  p robab ly  most u s e f u l  f o r  assessment purposes. The models 

can be used t o  e s t i m a t e  areas p o t e n t i a l l y  a t  r i s k  as a f u n c t i o n  of a 

range o f  c r i t e r i a  f o r  s p e c i f i c  ecosystem c h a r a c t e r i s t i c s ,  such as s o i l  

and v e g e t a t i o n  types.  As o u r  understanding o f  t h e  damage mechanisms 

and t h r e s h o l d  values evolves,  we can b u i l d  t h a t  knowledge i n t o  more 

complex models. 
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ORNL-DWG 85- 10294 

1980- 1982 Average Annual Hydrogen Ion Wet Deposition 
With MLRA Boundaries 

F i g .  A-1 Wet hydrogen i o n  d e p o s i t i o n  - eastern  Un i ted  S t a t e s .  
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ORNL-DWG 85- 10296 

F i g .  A-3 Wet hydrogen i o n  d e p o s i t i o n  - Adirondack r e g i o n  o f  New York. 
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ORNL-DWG 86-6946 

1980- 1982 Average Annual Sulfate Ion Wet Deposition 
With MLRA Boundaries 

F i g .  A - 4  Wct s u l f a t e  deposition - eastern U n i t e d  S t a t e s  
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1980- 1982 Average 
750 

45' 8 

ORNL-DWG 85-8053 Annual Sulfate Wet Deposition 
74' 

1 
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< 1 5  

1 5  TO 2.0 

2.0 TO 2.5 

2.5 TO 3.0 

3 0 TO 4.0 

> 4 0  

F i g .  A-6 Wet sulfate deposition - Adirondack region o f  New York. 
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ORNL-DWG 86-6945 

1980- 1982 Average Annual Nitrate Ion Wet Deposition 
With MLRA Boundaries 

F i g .  A-7 Wet n i t r a t e  d e p o s i t i o n  - eastern  Un i ted  S t a t e s .  
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ORNL-DWG 85-805 1 1980- 1982 Average Annual Nitrate Wet Deposition 

F i g .  A-9 Wet n t r a t e  d e p o s i t i o n  - Adirondack r e g i o n  o f  New York. 
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A P P E N D I X  B. SINGLE FACTOR SOILS MAPS. 
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F i g .  E - 5  Percentage o f  a r e a  i n  Major Land R ~ S Q U ~ C ~  Areas o f  t h e  
eastern llnited States hav ing  f o r e s t e d  su r face  soS I s  w l t h  
pH > 5 .  
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Fig. B-9 Percentage of area I n  M a j o r  Land Resaurce Areas o f  the 
eastern United States having forested surface s o i l s  w i t h  
exchangeable bases 4 cmol(+)/kg. 
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F i g .  8-13 Percentage o f  area  i n  Ma jor  Land Resource Areas o f  t he  
eastern  Un i ted  S t a t e s  having f o r e s t e d  sur face  s o i l s  w i t  
pH ( 4 . 5 .  
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ORNL WG 85-1573Y 

F i g .  8-18 Percentage of a rea  i n  Major- Land Resource Areas o f  the 
e a s t e r n  U n i t e d  S t a t e s  h a v i n g  fores ted  s o i l s  w i t h  low 
w e a t h e r i n g  p o t e n t i a l  based f a m i l y  mineralogy. 



e a f  area I o  urce Areas o f  t h e  
n i ted S t a t e  .; 

t o  bedrock t o  ( 5 8  em, 
sails w l t h  depth 



0-22 

Percentage o f  a r e a  in 8ajgor Land Resource A r e a s  o f  t h e  
eas te rn  U n i t e d  S t a t e s  hav ing  fo re s t ed  s o i l s  w i t h  depth 
t o  a roo t  r e s t r i c t i v e  l aye r  <50 cm. 
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X C .  AREA HAVING SEL CHARACTERISTICS, 
F o m r  T Y P E  AND SOIL FOR SEVERAL 

REGIONS OF r H E  
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ORNL-DWG 86-6947 

MLRA's of the Eastern U.S. 

F i g .  C 'I MI-RAs i n  t h e  Nor theas t ,  Appalachian Region, Southeast, and 
Upper Midwest t h a t  were used i n  c a l c u l a t i n g  t h e  r e g i o n a l  
summary s t a t i s t i - c s  i n  t h i s  Appendix. 
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Table C-1.a Northeastern Un i ted  Sta tes  
N u t r i e n t  Leaching Hypothesisa - A / €  Hor izon 

S e n s i t i v e  Area by Fores t  Type 

S e n s i t i v e  Fores t  type  Percentage o f  Percentage o f  Percentage o f  
Fores t  Type area (ha)  area (ha)  f o r e s t  type  t o t a l  f o r e s t  t o t a l  r e g i o n  

White-Red-Jack Pine 
Spruce-Fir 985,700 4,943,400 19.9 4.9 3.1 
Longleaf-Slash Pine 
Lob1 o l  1 y-Short 1 eaf P i  ne 

Oak-Hickory 1,013,900 2.41 7,400 41.9 5.0 3.2 

137,800 922.900 14.9 0.7 0.4 Elm-Ash-Cottonwood 
1,670.300 6.646.400 25.1 8.3 5.2 Map 1 e-Eeec h -8 i  r c  h 

Aspen-Birch 222.300 1.126.300 19.7 1.1 0.7 

666.700 2,433,600 27.4 3.3 2.1 

800 2,300 34.8 0.0 0.0 
12,700 62,400 20.4 0.1 0.0 

Oak-Pine 441 ,100 1,183,300 37.3 2.2 1.4 

Oak -Gum-Cypress 200 13.000 1.5 0.0 0.0 

Low P r o d u c t i v i t y  51.100 283.900 18.0 0.3 j 0.2 
Nonstocked 16.100 89.700 18.0 - 0.1 0.1 

5,218.700 20.1 24,600 26.0 16.4 

Table C-1.b N u t r i e n t  Leaching Hypothesisa - A/E Horizon 
S e n s i t i v e  Area by S o i l  Taxonomic Subgroup 

C l a s s i f i c a t i o n  
S e n s i t i v e  
area (ha)  

Typic Quar tz  i psamment 
Typic Fragiaquept 
Typic Oyst roc h r e p t  
Typic Frag iaquu l t  
Typic F r a g i u d u l t  
Typic Hap ludu l t  
Aer ic  Fragiaquept 
Aquentic Haplorthod 
Aquic Frag iuda l f  
Aquic Quartzipsamnent 
Aquic Frag iochrept  
Aquic.Hapludul t  
E n t i c  Haplaquod 
E n t i c  Frag io r thod 
E n t i c  Haplorthod 
E n t i c  L i t h i c  Haplorthod 
Humic Fragiaquept 

6,000 
163,500 

2,798,300 
2.700 

42,800 
46.100 

1,166,700 
1,300 

27.900 
200 

4.100 
700 

38,800 
99,000 

693,700 
91,600 
35.300 

5,218.700 

% a t i o n  exchange capac i ty  t 1 5  cmol(+)/kg, 8s 20-60%. 
pH >4.5 
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T a b l e  C-1.c N o r t h e a s t e r n  U S .  

S e n s i t i v e  A rea  b y  F o r e s t  Type 
A luminum T o x i c i t y  H y p o t h e s i s *  - A / E  H o r i z o n  

S e n s i t i v e  F o r e s t  t y p e  P e r c e n t a g e  o f  P e r c e n t a g e  o f  P e r c e n t a g e  o f  
F o r e s t  t y p e  a r e a  ( h a )  a r e a  ( h a )  f o r e s t  t y p e  t o t a l  f o r e s t  t o t a l  r e g i o n  

Wh i te -Red-Jack  P i n e  
S p r u c e - F i  r 
Oak - P i  ne  
Oak-Hi c k o r y  
Elm-Ash-Cot tonwood 
Maple-Beech-81 r c h  
Aspen-8 i  r c h  
Low P r o d u c t i v i t y  
N o n s t o c k e d  

200,900 
399,100 

80,800 
58,000 
14,000 

584,500 
109,800 

5,900 
600 

1.453.600 

2,433.600 
4,943,400 
1 ,183 ,300  
2.41 7,400 

922,900 
6,646,400 
1,126,300 

283.900 
89,700 

20.046.900 

8 . 3  
8 . 1  
6 . 8  
2 .4  
1 .5  
8 . 8  
9 . 8  
2.1 
0.7 

1 .o 
2 . 0  
0 . 4  
0.3 
0.1 
2.9 
0 . 6  
0 .0 
- 0.0 
7 . 3  

0 . 6  
1 . 3  
0 . 3  
0 . 2  
0.0 
1 . 8  
0 .3  
0 .0 
0.0 
4 .5  

T a b l e  C-1.d Aluminum T o x i c i t y  H y p o t h e s i s *  - A/E  H o r i z o n  
S e n s i t i v e  A rea  b y  S o i l  Taxonomic Subgroup  

C l a s s i f i c a t i o n  
S e n s i t i v e  
a r e a  ( h a )  

A e r i c  Hap laquod  
Humic L i t h i c  C r y o r t h o d  
L i t h i c  C r y o r t h e n t  
L i t h i c  H a p l o r t h o d  

11 2,100 
15.400 

9 ,400  
1.316.700 
1,453.600 

*BS <20%, p~ (4 .5 ,  O r g a n i c  c a r b o n  (5%. 
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Table C-2.a Appalachian Region 
N u t r i e n t  Leaching Hypothesis* - A / E  Horizon 

S e n s i t i v e  Area by Fores t  Type 

Fores t  type  
Sens i t i ve  Fores t  type  Percentage o f  Percentage o f  Percentage of  
area (ha) area (ha) f o r e s t  type  t o t a l  f o r e s t  t o t a l  reg ion  

White-Red-Jack Pine 
Spruce-Fi r 
Longleaf-Slash Pine 
L o b l o l l y - S h o r t l e a f  P 
Oak - P i  ne 
Oak -Hickory 
Oak -Gum -Cypress 
E lm-Ash-Cottonwood 
Map1 e-Beech-8i r c  h 
Aspen-Birch 
Low Product 1 v i  t y  
Nonstocked 
l a r c h  

299,000 
14.800 
18,300 

i ne 91 2,800 
1,794,600 
9,738,200 

23,500 
13,500 

964,500 
37.100 
40.000 

103,000 
1.400 

14,021,300 

536,000 
32,400 
30,700 

1.534,OOO 
3.1 60.200 

16.808.500 
88.800 

283,900 
1,571,900 

14,900 
138,500 
198.400 

1.400 
24.459.600 

Table C-2.b N u t r i e n t  Leaching Hypothesis* - A / E  Hor izon 
S e n s i t i v e  Area by S o i l  Taxonomic Subgroup 

Sens i t i ve  
Area (ha) 

55.8 
45.7 
59.6 
59.5 
56.8 
51.9 
26.5 
25.9 
61 .4 
50.3 
28.9 
51.9 

100.0 

1.2 
0.1 
0.1 
3.7 
1.3 

39.8 
0.1 
0.3 
3.9 
0 . 2  
0 .2  
0.4 
0.0- 
57.3 

0 .7  
0 .0  
0 .0  
2.0 
4 . 0  

21 .8 
0.1 
0.2 
2.2 
0.1 
0 . 1  
0 . 2  
0.0 

31 .4 
~ 

C l a s s i f i c a t i o n  
. __- 

l y p i c  Glossaqual f  
l y p i c  Ouartzipsamment 
1 yp ic  Fragiaquept 
1 yp i  c Dystrochrept 
l y p i c  Frag iaquu l t  
Typic F r a g i u d u l t  
l y p i c  Hap ludu l t  
l y p i c  Rhodudult 
Aer ic Fragiaquept 
Aquic F r a g i  udal f 
Aquic Ouartzipsamment 
Aquic Hap ludu l t  
Aquic Pa leudu l t  
t n t i c  Haplorthod 
Fragiaquic Pa leudu l t  
F rag ic  Pa leudu l t  
G loss ic  F r a g i u d u l t  
Humic Hap1 udul t 
L i t h i c  Hap ludu l t  
Ochrept ic Hap ludu l t  
P l i n t h i c  Pa leudu l t  
Psammentic Pa leudu l t  
Rhodic Pa leudu l t  
Rup t i c -L i t h i c -En t i c  Hap ludu l t  

400 
15.500 

2,200 
5,031,100 

82,500 
581.200 

6,795,100 
54.100 

5,300 
45,100 

900 
533,800 

4,300 
65,700 

3,400 
31.100 

104,600 
64.100 

258,100 
185,500 

900 
2.200 

45.200 
100; 600 

14,021,300 
. ~ . _  

‘CEC t 1 5  cmol ( t ) / k g ,  88 20-60%, pH > 4.5 
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T a b l e  C-2.c  A p p a l a c h i a n  U n i t e d  S t a t e s  

S e n s i t i v e  A r e a  b y  F o r e s t  T y p e  
A l u m i n u m  T o x i c i t y  H y p o t h e s i s *  - A / €  H o r i z o n  

S e n s i t i v e  F o r e s t  T y p e  P e r c e n t a g e  of P e r c e n t a g e  o f  P e r c e n t a g e  o f  
F o r e s t  t y p e  a r e a  ( h a )  a r e a  ( h a )  f o r e s t  t y p e  t o t a l  f o r e s t  t o t a l  r e g i o n  

Oak - H i  c k o r y  5 0 0  1 6 , 8 0 8 , 5 0 0  0.0 0.0 0.0 

T a b l e  C-2 .d  A l u m i n u m  T o x i c i t y  H y p o t h e s i s *  - A / E  H o r i z o n  
S e n s i t i v e  A r e a  b y  S o i l  T a x o n o m i c  S u b g r o u p  

- ................... 

C l a s s i f i c a t i o n  
S e n s i t i v e  
a r e a  ( h a )  

.... _____I_ 

A r e n  i c Pa 1 e a q i i u  1 t 5 0 0  
__ 

*BS ~ 2 0 % ~  pH < 4 . 5 ,  O r g a n i c  c a r b o n  < 5%. 
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Table C-3.a Southeastern Uni ted Sta tes  

S e n s i t i v e  Area by Fores t  Type 
N u t r i e n t  Leaching Hypothesis* - A / E  Hor izon 

...... ....... ......... ......... ___ 

Fores t  type  
S e n s i t i v e  Fores t  Type Percentage o f  Percentage o f  Percentage o f  
area (ha) area (ha) f o r e s t  type  t o t a l  f o r e s t  t o t a l  reg ion  

White~Red-Jack Pine 40,100 
Spruce-Fi r 2.600 
Longleaf-Slash Pine 2,921,700 
Lob lo l l y -Shor t l ea f  Pine 6,525,500 
Oak - P i ne 6.478.700 
Oak -Hickory 4,847,300 
Oak-Gum-Cypress 329,100 
Elm-Ash-Cottonwood 18.500 
Maple Beech-Birch 17,000 
Aspen - B i r c h  900 
Low P r o d u c t i v i t y  18,500 
i r o p i c a  1 1,300 
Nons tocked 530. ?PO 

21,737,400 

50,100 
6 ,  200 

5,469,300 
10,804.900 
10,612,900 
9,324,000 
4,920,500 

244,200 
40,400 

8,600 
92,400 
12,300 

1,057,200 
42,643,000 

80.0 
41 .9 
53.5 
60.4 
61 . 1  
52.0 

6.7 
7.6 

42.1 
10.5 
20.0 
10 .6  
5 0 . 2  

0.1 
0.0 
6.9 

1 5 . 3  
15.2 
11.4 
0 .8  
0.0 
0.0 
0 .0  
0 . 0  
0 .0  
1 . 2  

50.9 
........ 

Table C-3.b N u t r i e n t  Leaching Hypothesis* - A / E  Hor izon  
S e n s i t i v e  Area by S o i l  Taxonomic Subgroup 

...... ................ ......... .......... .- 

Sens i t i ve  
C l a s s i f i c a t i o n  area (ha) 
~- 

Typic 
Typic 
Typic 
Typic 
Typic 
Typic 
Typic 
Typic 
A l b i c  
A l f i c  
Aquic 
Aquic 
Aqui c 
Aquic 
Aquic 

Glossaqual f  
Quartzipsamment 
Dys t roc h r e p t  
Haplohumod 
Frag iaquu l t  
F r a g i u d u l t  
Hap ludu l t  
Rhodudul t 
Glossic Nat raqua l f  
Arenic Haplaquod 
Frag i  uda 1 f 
Quartzipsamment 
Hapludul t 
Pa leudu l t  
Arenic Pa leudu l t  

Arenic Glossaqual f  
Arenic Haplaquod 
Arenic Haplohumod 
Arenic Pa leudu l t  
Arenic P l i n t h a q u i c  Pa leudu l t  
Arenic U l t i c  Haplaquod 
Arenic U l t i c  Haplohumod 
E n t i c  Haplaquod 
E n t i c  Haplohumod 
Frag iaqu ic  Pa leudu l t  
F rag ic  Pa leudu l t  
Glossic F r a g i u d u l t  
Grossarenic Haplaquod 
Grossarenic Pa leudu l t  
Grossarenic E n t i c  Haplohumod 
G r o s  sa ren i c P1  i n t h  i c Pa 1 eudu 1 t 
Haplaquodic Quartzipsamment 
Himic Hap ludu l t  
L i t h i c  Hap ludu l t  
Ochrept ic Hap ludu l t  
P l i n t h i c  Pa leudu l t  
Psamment i c  Hap1 u d u l t  
Psammeilt i c Pa 1 eudu 1 t 
Rhodic Pa leudu l t  
Rup t i c -L i t h i c -En t i c  Hap ludu l t  
Spodic Quartzipsaminen t 
Spodic Pa leudu l t  
U l t i c  Haplaquod 
U l t i c  Haplohumod 
V e r t i c  Paleudal f  
V e r t i c  Hap ludu l t  

208,400 
1 ,288,800 

466,300 
76.800 
28,900 

446,600 
11,149.600 

470,600 
35,100 
8,200 

37.100 
248,900 
999,800 
463,300 
143,800 

58,800 
68 I 000 
20,200 

506.600 
1 85,600 

3,200 
3.400 

15,300 
24.900 

190.300 
3.300 

82,500 
49,600 

1,598,900 
56.300 
79,200 
49.500 

1 .ooo 
40.000 

205.600 
579.200 
104,600 
188,500 
362,800 

29.800 
88.100 
14.400 

607.900 
7,700 

413,900 

21,137,400 
-?a,.lp.o 

0.1 
0 . 0  
3.5 
7.9 
7.8 
5.8 
0.4 
0.0 
0.0 
0.0 
0.0 
0.0 
0.6 
26.1 

* C E C  t 1 5  cmol ( t ) / k g .  8s 20.60%. pH >4.5 



ORNL/TM-9917 C -9 

Tab le  C-3.c Sou theas te rn  U n i t e d  S t a t e s  

S e n s i t i v e  Area by F o r e s t  Type 
Aluminum T o x i c i t y  Hypo thes i s *  - A/E  H o r i z o n  

F o r e s t  Type 
S e n s i t i v e  F o r e s t  t y p e  Percentage o f  Percentage of  Percentage o f  
a rea  (ha)  a rea  (ha)  f o r e s t  t y p e  t o t a l  f o r e s t  t o t a l  r e g i o n  

White-Red-Jack P ine  
Spruce -F i r  
Long lea f -S lash  Pine 
L o b l o l l y - S h o r t l e a f  P i n e  
Oak -Pine 
Oak-Hickory 
Oak -Gum -Cypress 
E l m  -Ash -Cottonwood 
Low P r o d u c t i v i t y  
Nonstocked 

1,300 
3,200 

1.173.800 
820,700 
801,700 
442,300 
604,600 

7.000 
10,900 

50,100 
6,200 

5.469.300 
10,804,900 
10,612,900 
9,324,000 
4,920,500 

244,200 
92.400 

150,900 
4.01 6.400 

1.051 I200 
42,581,100 

2.b 
51.6 
21.5 

7.6 
7.6 
4.7 

12.3 
2.9 

11.8 
14.3 

0.0 
0.0 
2.8 
1.9 
1.9 
1 .o 
1.4 
0.0 
0.0 
0.4 
9.4 
- 

0.0 
0 .0  
1 . 4  
1 .o 
1 .o 
0.5 
0.7 
0.0 
0 .o 
__. 0.2 
4.8 

Tab le  C-3.d Aluminum T o x i c i t y  Hypo thes i s *  - A/E H o r i z o n  
S e n s i t i v e  Area by S o i l  Toxonomic Subgroup 

C l a s s i f i c a t i o n  
S e n s i t i v e  
a rea  (ha)  

Typ ic  P a l e a q u u l t  
A e r i c  Haplaquod 
A e r i c  P a l e a q u u l t  
A ren ic  Paleaquul  t 
Aren ic  P l i n t h i c  P a l e a q u u l t  
A ren ic  Umbric P a l e a q u u l t  
Grossa ren ic  P a l e a q u u l t  
P l i n t h i c  P a l e a q u u l t  
Umbric P a l e a q u u l t  

1,190.000 
699,400 
408,400 
657,700 
187.600 
278.400 
319.1 00 

70.700 
205.1 00 

4-;016,400 

* ~ s  <20%, pH t 4 . 5 .  Organic  carbon <5% 
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Tab le  C-4.a Upper Midwest 
N u t r i e n t  Leach ing  Hypothes is*  - A/E  H o r i z o n  

S e n s i t i v e  Area by F o r e s t  Type 

F o r e s t  t y p e  
S e n s i t i v e  F o r e s t  t y p e  Percentage o f  Percentage o f  Percentage of 
a r e a  (ha)  a r e a  (ha)  f o r e s t  t y p e  t o t a l  f o r e s t  t o t a l  r e g i o n  

White-Red-Jack P ine  
Spruce-F i r  
Oak-Pine 
Oak-Hickory 
Elm-Ash-Cottonwood 
Maple-Beech--81 r c h  
Aspen - B i r c h  
Nonstocked 

531,200 
263,300 

77.500 
41 4,200 
170.1 00 

1,164,100 
1.478.400 

46,800 
4,145,600 

1,674,800 
2,836.500 

225,600 
1.923.200 
1,435.800 
2,652,700 
5,003,000 

251,500 
16,003,100 

31.7 
9 . 3  

34.4 
21.5 
11 .9  
43.9 
29.6 
18.6 

3 . 3  1.4 
1 . 6  0.7 
0.5 0.2 
2.6 1.1 
1.1 0.5 
7.3 3.1 
9.2 
0.3 

25.9 
Î_ 

3.9 
0.1 

11 .o __ 

Table  C-4.b N u t r i e n t  Leach ing  Hypothes is*  - A / €  H o r i z o n  
S e n s i t i v e  Area by S o i l  Taxonomic Subgroup 

C l a s s i f i c a t i o n  
S e n s i t i v e  
a rea  (ha)  

Typ ic  G l o s s a q u a l f  
Typ ic  Q u a r t z  i psamment 
Typ ic  O y s t r o c h r e p t  
A e r i c  G l o s s a q u a l f  
A l f i c  F r a g i o r t h o d  
A l f i c  H a p l o r t h o d  
A q u a l f i c  H a p l o r t h o d  
Aquic G l o s s o b o r a l f  
Aquic F r a g i o c h r e p t  
Aquic A r e n i c  H a p l u d a l f  
A r e n i c  G l o s s a q u a l f  
E n t i c  Haplaquod 
E n t i c  H a p l o r t h o d  
E n t i c  L i t h i c  H a p l o r t h o d  
L i t h i c  G l o s s o b o r a l f  

56,200 
62,000 

220,900 
114,100 
61 0,900 
856.000 

68,800 
175,900 

65,100 
16,800 
15,300 

302,700 
1.526.800 

50.700 
2,800 

4,145,600 
~~ 

*CEC t 1 5  cmol ( + ) / k g ,  8s  20-60%, pH >4.5 
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Tab le  C-4.c Upper Midwestern U n i t e d  S t a t e s  
Aluminum T o x i c i t y  Hypo thes i s *  - A / €  H o r i z o n  

S e n s i t i v e  Area by F o r e s t  Type 

F o r e s t  Type 
S e n s i t i v e  
a rea  ( h a )  

F o r e s t  t y p e  Percentage o f  Percentage o f  Percentage o f  
a rea  (ha)  f o r e s t  t y p e  t o t a l  f o r e s t  t o t a l  r e g i o n  

White-Red-Jack Pine 3.800 
S p r u c e - F i r  4,600 
Elm-Ash-Cottonwood 300 
Map1 e-Beec h - B i  r c  h 1,300 
Aspen-Bi rch 2.800 
Nonstocked 1,400 

14.200 

1,674,800 
2,836,500 
1,435,800 
2.652.700 
5 I003 IO00 

251,500 
13,854.300 

0.2 
0.2 
0.0 
0.1 
0.1 
0. b 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Table C-4.d N u t r i e n t  Leaching Hypo thes i s *  - A / €  H o r i z o n  
S e n s i t i v e  Area by S o i l  Taxonomic Subgrorp 

C l a s s i f l c a t l o n  
Senst t i ve 
a rea  (ha)  

A e r i c  Haplaquod 14.200 

*8S t 20X .  pH t 4 . 5 ,  Organic  carbon ~ 5 %  
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l d b l e  C - 5 . a  L a r t e f n  u n i t e d  S t a t e s  
N u t r i e n t  Leach ing  HypOtheSi5' ~ A/L H o r i z o n  

S e n s i t i v e  Area b y  f o r e s t  Type 

t o r e s t  Type 
Sensi  t i u e  
a re3  ( h a )  

F o r e s t  t y p e  Percentage o f  Pe rcen tage  o f  Pe rcen tage  o f  
a r e a  ( h a )  f o r e s t  t y p e  t o t a l  f o r e s t  t o t a l  r e g i o n  

Y h i t s - R e d  Jack P ine  
Spruce -Fir 
L o n g l e a f - S l a s h  P ine  
L o b l o l l y - S h o r t l e a f  P ine  
Oak P ine  
Oak - H i c k o r y  
Oak-Gum Cypress 
Elm-Ash-Cot tonwood 
Maple -Beech-8 i  r c h  
Aspen - 8 i  r c h  
Low P r o d u c t i v i t y  
T r o p i  ca I 
Nonstocked 
La rch  

I ,  550,800 
1.266.400 
3, I9OI200 
9.136.700 

l l . 9 0 9 . 3 0 0  
1 7,987,700 

559,500 
425,000 

3.827.600 
1,742.300 

144 ,900 
1,300 

887,100 
1.400 

53.230.200 

7,221,900 7.8 
4.125.500 10 .3  

Tab le  C - 5 . b  N u t r i e n t  Leach ing  Hypo thes i s *  - A / €  H o r i z o n  
S e n s i t i v e  Area by  S o i l  Taxonomic Subgroup 

- ............. . .- ....... ................... .- 

Sensi  t i r e  
C l a s s i f i c a t i o n  a r e a  (ha )  
- .............. .......... ........... 

Typ ic  G l o s s a q u a l f  
Typ ic  Quar t z ipsamnen t  
Typ ic  F rag iaquep t  
Typ ic  O y s t r o c h r e p t  
l y p i c  Haplohumod 
l y p i c  F r a g i a q u u l t  
Typ ic  F r a g i u d u l t  
Typ ic  H a p l u d u l t  
Typ ic  Rhodudul t  
A e r i c  G lossaqua l f  
A e r i c  F rag iaquep t  
A l b i c  G l o s s i c  N a t r a q u a l f  
A l f i c  F r a g i o r t h o d  
A l f l c  Hap lo r thod  
A l f i c  A ren ic  Haplaquod 
A q u a l f i c  H a p l o r t h o d  
Aquen t i c  H a p l o r t h o d  
Aquic  G l o s s o b o r a l f  
Aquic  F r a g i u d a l f  
Aquic  Q u a r t z i p s a m e n t  
Aquic  F r a g i o c h r e p t  
Aquic  H a p l u d u l t  
Aquic  P a l e u d u l t  
Aquic  A r e n i c  H a p l u d a l f  
Aquic  A r e n i c  P a l e u d u l t  
A r e n i c  G lossaqua l f  
A r e n i c  Haplaquod 
A r e n i c  Haplohumod 
A r e n i c  P a l e u d u l t  
A r e n i c  P l i n t h a q u i c  P a l e u d u l t  
A r e n i c  U l t i c  Haplaquod 
A r e n i c  U l t i c  Haplohumod 
E n t i c  Haplaquod 
E n t i c  Haplohumod 
E n t i c  F r a g i o r t h o d  
E n t i c  H a p l o r t h o d  
E n t i c  L i t h i c  H a p l o r t h o d  
F r a g i a q u i c  Pa leudu l  t 
F r a g i c  P a l e u d u l t  
G l o s s i c  F r a g i u d u l t  
Grossa ren ic  Haplaquod 
Grossa ren ic  P a l e u d u l t  
Grossa ren ic  E n t i c  Haplohumod 
Grossa ren ic  P l i n t h i c  P a l e u d u l t  
Haplaquodic  Q u a r t z i p s a m e n t  
Humic F rag iaquep t  
Humic H a p l u d u l t  
L i t h i c  G l o s s o b o r a l f  
L i t h i c  H a p l u d u l t  
O c h r e p t i c  H a p l u d u l t  
P l i n t h i c  P a l e u d u l t  
Psaimient ic  H a l u d u l t  
Psdrment ic  P a l e u d u l t  
Rhodic  P a l e u d u l t  
Rup t i c  - L i t h i c - E n t i c  HaP lUdu l t  
Spodic  Quar t z ip rampen t  
Spodic  Pa leudu l  t 
U l t I C  Haplaquod 
U l t i c  Haplohumod 
V e r t i c  P a l e u d u l t  
V e r t i c  Hap lUdU l t  

1.612.200 
1.483.400 

166.100 
8.182.300 

76.800 
134.600 

1,431,200 
21.149.100 

524.700 
141,200 

1,175,100 
48.200 

610.900 
856.000 

8,200 
69,400 

1,300 
116,600 
191,300 
230,000 

69,800 
2,125,200 

808,900 
18.300 

143,800 
74.100 
68,000 
20,200 

614.400 
227.200 

3,200 
3.400 

356,  aoo 
24,900 
99,000 

2.286.200 
142.300 
246.200 

40.400 
323.000 

49,600 
1,752,200 

56.300 
85.900 
49,300 
35.300 
65.900 

2.800 
546.300 
391.100 

1 , I 6 1  ,600 

241.500 
408.800 
130.400 
88,100 
14.400 

607.900 
1 700 

104. baa 

756 300 

53,230.700 
. 18.100 

9 .2  3 . 1  
13.9 3 . 6  
0 .4  0 . 2  
0 . 3  0.1 
3.0 I . 2  
1 .4  0.5 
0 . 1  0 . 1  
0.0 0.0 
0.7 0.3 

41.3 16 .6  
0.0 0.D 

' C t C  < I 5  cmo l (+ ) / kg .  85 2 0 ~ 6 0 % .  pH > 4.5 
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Tab le  C-5.c E a s t e r n  U n i t e d  S t a t e s  
Aluminum T o x i c i t y  Hypothes is*  - A / E  H o r i z o n  

S e n s i t i v e  Area By F o r e s t  .Type 

F o r e s t  t y p e  
S e n s i t i v e  
a rea  ( h a )  

F o r e s t  t y p e  
a r e a  (ha)  

Percentage o f  
f o r e s t  t y p e  

Percentage o f  
T o t a l  f o r e s t  

Percentage o f  
T o t a l  r e g i o n  

White-Red-Jack P ine  
S p r u c e - F i r  
L o n g l e a f - S l a s h  P i n e  
Lob l o 1  1 y -Shor t1  e a f  P i  ne 
Oak -P ine  
Oak H i c k o r y  
Oak -Gum-Cypress 
E l m  -As h-Cot tonwood 
Maple -Beech-Birch 
Aspen B i r c h  
Low P r o d u c t i v i t y  
Nonstocked 

206,000 
406,900 

1,174,200 
865,100 
91 8,800 
509,800 
606,700 

21,300 
585,800 
112,600 

16,800 

4,785,400 
7,824,200 
5,931,100 

16,155.800 
20,814,900 
42,049,100 

7,221,900 
4.1 25,500 

11.088.5OO 
6,377,900 

607,000 
1 53.900 2,023,900 

5,577,900 129,005,230 

4.3 
5.2 

19.8 
5 . 4  
4.4 
1.2 
8.4 
0.5 
5.3 
1 .e 
2.8 
7.6 

0.2 
0 . 3  
0 . 9  
0 . 7  
0 . 7  
0 .4  
0.5 
0.0 
0.5 
0 . 1  
0.0 

4.4 1.7 
0.1 0.1 

0.1 
0 . 1  
0 . 4  
0.3 
0 . 3  
0.2 
0.2 
0 .0  
0.0 
0.0 
0.0 

Tab le  C-5.d N u t r i e n t  Leach ing  Hypothes is*  - A / E  H o r i z o n  
S e n s i t i v e  Area by S o i l  Taxonomic Subgroup 

C l a s s i f i c a t i o n  

T y p i c  P a l e a q u u l t  
A e r i c  Haplaquod 
A e r i c  P a l e a q u u l t  
A r e n i c  Pal eaquul  t 
A r e n i c  P l i n t h i c  P a l e a q u u l t  
A r e n i c  Umbric P a l e a q u u l t  
Grossaren i  c Pa leaquu l  t 
Humic L i t h i c  C r y o r t h o d  
L i t h i c  C r y o r t h e n t  
L i t h i c  H a p l o r t h o d  
P l i n t h i c  P a l e a q u u l t  

S e n s i t i v e  
a r e a  ( h a )  

1,279,500 
825,700 
408,400 
661,900 
187,600 
278.400 
31 9,100 

15.400 
9,400 

1,316,700 
70,700 

Umbric P a l e a q u u l t  205,100 
5,577,900 

*8S (20%. pH ( 4 . 5 .  o r g a n i c  carbon ( 5 %  
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APPENDIX D 

Calculation of  Worst-case Leaching Rates and Changes 

A simple calculation of worst case leaching rates and changes in 

soil nutrient status can be made. This is a worst-case example because 

it assumes high acidic deposition, no base cation deposition with the 

acidic deposition, no weathering replacement o f  base cations, no 

cycling of  base cations from depth by the vegetation, and no anion 

retention in the soil. It underestimates soil nutrient losses, 

however, in that it assumes no accumulation i n  Vegetation. 

Assume : 

( 1 )  1 kmol/ha/yr acidic deposition, 
(2) A typical "sensitive" soil with CEC = 10 cmol(+)/kg = 0.1 mol(+)/kg, 

BS = 50X, and bulk density = 1.3 g/cc = 1.3 x lo3 kg/m3. 

Exchangeable bases/ha = 0.50 x minol(+) x 1 . 3  X lo3 kg Soil x 104,2 
kg sail mJ ha 

x x .25m of  soil. 
1 03m0 1 

= 160 kmol/ha (in top 25 cm of soil). 

Worst-case leaching rate = acidic deposition rate = 1 kmol/ha/yr 
= 0.63% of soil exchangeable bases per year. 

In 30 years, approximately 20% of the pool of exchangeable bases could 

be leached, reducing base saturation to 40%. In 88 years 50% of the 

pool could be leached. 

available nutrients will affect forest productivity. 

It is unknown what magnitude o f  decline i n  

In actuality, the assumptions listed above are never met. To 

calculate soil nutrient changes i n  a forested stand over time, a made1 
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would have t o  account f o r ,  and b e t t e r  q u a n t i f y ,  a t  l e a s t  t h e  

f o l l o w i n g  processes: 

1. Depos i t i on  i n p u t s :  s t r o n g  and weak a c i d  anions; tO.l - >1 kmol( - ) /ha/yr ;  base 
ca t i ons ;  tO.l - 0.8 kmol(+) /ha/yr .  

2. Weathering replacement o f  base c a t i o n s  w i t h i n  t h e  s o i l  p r o f i l e :  
0 - >1 kmol(+) /ha/yr .  

3 .  C y c l i n g  o f  base c a t i o n s  from depth by t h e  v e g e t a t i o n  
(deep weather ing) :  ? kmol(+) /ha/yr .  

4. Accumulation o f  base c a t i o n s  by vegeta t ion :  
0.2 - 1.6 kmol(+) /ha/yr .  

5. Anion (and c a t i o n )  r e t e n t i o n  i n  o r  l each ing  f rom t h e  s o i l :  
0 - >2 kmol (+)/ha/yr.  

6 .  Changes i n  t h e  above parameters over  t h e  l i f e  o f  t h e  stand. 

C l e a r l y  t h e  o u t p u t  o f  such a model would be h i g h l y  unce r ta in ,  and 

few o r  no exper imenta l  da ta  a r e  a v a i l a b l e  t o  v e r i f y  it. 
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