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JOHNSON, 0 .  !de$ J .  PI. KELLY, W ,  1. S AN#, D., 14. COLE, 
J ,  14. HORNBECK, R. S. PIERCE, and D.  VAN LEAR. 3985. 
A comparative eva lua t i on  o t h e  e f f e c t s  o f  a 
p r e c i p i t a t i o n ,  ~ a ~ u r ~ ~  a c i  product ion,  and 
on c a t i o n  removal f r ~  f o r e s t s .  ORNL/TH-9706. Oak Ridge 
blat i ona 1 Laboratory * ak Ridge, Tennessee. 114 p ~ .  

A Comparison was made o f  t h e  e f f e c t s  o f  a c i d  deposi t ion,  n a t u r a l  

leaching, and harvesttsrg an base c a t i o n  expor t  from coni ferous f o r e s t s  

i n  Maine, coni ferous an deciduous f o r e s t s  i n  Tennessee, a coni ferous 

f o r e s t  i n  South Carol ina,  a deciduous f o r e s t  I n  North Carol ina,  and 

coni ferous and deciduous f o r e s t s  i n  Washington. S u l f a t e  dominated 

leaching i n  t h e  lennessee s i t e s ,  whereas HCO; dominated leaching 

i n  t h e  Maine, Nor th Casol?na, South Caro l ina,  and Washington s i t e s  

( t h e  l a t t e r  because o f  very h i g h  HCO; and NO; leaching r a t e s ) .  

N i t r a t e  leaching was neg l i i g jb le  i n  a l l  b u t  a red a l d e r  s i t e  i n  

Washington where n i t r o g e n  f i x a t i o n  r e s u l t e d  in n e t  NO; leaching. 

To ta l  base c a t i o n  expor t  by leaching exceeded Ca 2+ + Hg*+ -t Kf export  

t h a t  r e s u l t s  from whole-tree ha rves t i ng  i n  most s i t e s .  (The export o f  

Na' v i a  ha rves t i ng  was assumed t o  be n e g l i g i b l e  compared w i t h  t h a t  o f  

Ca * Mg * and K .) However, leaching, even as augmented by 2t 2+ +- 

a c i d  deposi t ion,  does n o t  appear t o  pose an imminent t h r e a t  t o  s o i l  

base c a t i o n  suppl ies on s i t e s  f o r  which s o i l  data a r e  a v a i l a b l e .  T h i s  

i s  b a s i c a l l y  because s o i l  base c a t i o n  reserves a r e  very l a r g e  r e l a t i v e  

t o  leaching ra tes .  Some s i t e s  showed a net Ca or K accumulation 2+ 4- 

from atmospheric d e p o s i t i o n  u n t i l  they were subjected t o  whole-tree 

harvest ing.  Thus, leaching need n o t  cause a net  expor t  o f  a l l  n u t r l e n t  

cat ions,  even i f  t o t a l  base c a t i o n  expor t  i s  accelerated by a c i d  

deposi t ion.  
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E a r l y  evaluatdons of t h e  n u t r i t i o n a l  e f f e c t s  of i n t e n s i v e  

ha rves t i ng  considered atmospheric Inpu ts  s o l e l y  f rom t h e  perspect ive o f  

poss ib le  n u t r i e n t  amendments ( e . g . ,  Boyle e t  a l .  1973; Weetmn and 

Webber e t  a l .  1972). Conversely, e a r l y  a c i d  d e p o s i t i o n  research 

considered o n l y  t h e  p o t e n t i a l  e f f e c t s  on c a t i o n  n u t r i e n t  l o s s  (e-g., 

Engstrom e t  a l .  1971).  I n  r e a l i t y ,  atmospheric d e p o s i t i o n  can have 

b e n e f i c i a l ,  adverse, o r  no e f f e c t s  on f o r e s t  n u t r i e n t  s ta tus .  kihich 

e f f e c t s  occur depends 4)n s i t e  n u t r i e n t  s ta tus,  s i l v i c u l t u r a l  p rac t i ces ,  

and amount o f  atmospheric i n p u t  o f  n u t r i e n t s  and ac ids  (reviewed by 

Johnson e t  a l .  1982b). 

Since ha rves t i ng  and atmospheric d e p o s i t i o n  occur together ,  i t  i s  

e s s e n t i a l  t o  consider  t h e i r  combined e f f e c t s  on f o r e s t  n u t r i e n t  

s ta tus .  This i s  p a r t i c u l a r l y  impor tant  because ha rves t i ng  i n t e n s i t y  i s  

increas ing,  i n  terms o f  both s h o r t e r  r o t a t i o n s  and g r e a t e r  biomass 

u t i l i z a t i o n  [e.g., whole-tree ha rves t i ng  (WTH)];, concurrent ly ,  

atmospheric p o l l u t a n t  i n p u t s  have increased a l so .  

The o v e r a l l  goal  o f  t h i s  p r o j e c t  was t o  evaluate t h e  combined 

e f f e c t s  a f  a c i d  deposi t ion,  natura l .  leaching processes, and i n t e n s i v e  

ha rves t i ng  on c a t i o n  removal f rom f o r e s t s .  S p e c i f i c  o b j e c t i v e s  

inc luded t h e  f o l l o w i n g :  

1. To determine t h e  s i g n i f i c a n c e  o f  anthropogenic i npu ts  o f  

a c i d i t y ,  n a t u r a l  i n t e r n a l  product ion o f  a c i d i t y ,  and 

whole-tree ha rves t i ng  t o  n u t r i e n t  losses from f o r e s t  s o i l s ;  
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2. To evaluate present and pstereti ial Future adequacy o f  s o i l  

n u t r i e n t s  1’0 sus ta in  f o r e s t  p r o d u c t i v i t y ,  based on 

measurements o f  p resent  n u t r i e n t  pools i n  forests,  n u t r i e n t  

s ta tus  of  s o i l s ,  n u t r i e n t  losses by a c i d  depos i t ion ,  n a t u r a l  

i n t e r n a l  p r o c ~ s s e s ,  and t r e e  harvest ing;  and 

3. To eva lua te  ways o f  c l a s s i f y i n g  soi l  s e n s i t i v i t y  t o  a c i d  

depos i t i on  by examining s o i l  sys te  s a t  approximately 10 

wide?y spaced s i t e s  i n  both the  eastern and western 

Un i ted  States.  

This  p r o j e c t  was added t o  an ongoing p r o j e c t  funded by t h e  

Department o f  Energy (DOE)  ( N e s t  and H a m  1984) on t h e  e f f e c t s  of 

convent ional  harves t ing  vs WTW and an ongoing E l e c t r i c  Power Research 

I n s t i t u t e  ( E P  I )  study on t h e  e f f e c t s  a f  a c i d  r a i n  on f o r e s t  n u t r i e n t  

status.  Both p r o j e c t s  a r e  coordinated a t  Oak Ridge Nat iona l  Laboratory 

(ORNL.). The i n s t i t u t i o n s  and s i t e s  invo lved i n  these s tud ies  are  

l i s t e d  i n  Table 1. 

Lysimeters were i n  place and r o u t i n e  c o l l e c t i o n s  were being made 

on c o n t r o l ,  conven t iona l l y  harvested, and whole-tree harvested s i t e s  as  

p a r t  sf t h e  DOE-funded p r o j e c t .  

analyses on r o u t i n e l y  c o l l e c t e d  samples and, i n  most  cases, t h e  

i n s t a l l a t i o n  o f  p r e c i p i t a t i o n  and t h r o u g h f a l l  c o l l e c t o r s  (open-bucket 

t y p e ) .  

r a i n  vs n a t u r a l  processes on c a t i o n  leach ing  rates- were being made a t  

f i v e  s i t e s .  A t  t h r e e  s i t e s ,  t h e  Environmental P ro tec t i on  Agency ( E P A )  

This  p r o j e c t  r e q u i r e d  a d d i t i o m l  

Under t h e  EPRI-funded program, est imates o f  the e f f e c t s  o f  a c i d  
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Table 1 ,  S i t e s  and f o r e s t  types inc luded i n  t h e  study 

Research group 
(Task leader)  S i t e  l o c a t i o n  Forest  type 

S i t e s  c u r r e n t l y  i n  DOE Whole-Tree Harvest ing Prosram 

Oak Rfdge Na t iona l  Oak Ridge Na t iona l  Mixed upland hardwoods 
Laboratory Envi ronmental Research l o b l o l l y  p i n e  (newly 
(0. id. Johnson) Park (NERP), Tennessee establ ished)  

Southeastern Forest  Coweeta Hydrologic Mixed deciduous 
Experiment s t a t i o n  Laboratory, Nor th 
(W.  T. Swank) Carol i na 

Northeastern Forest  Chesuncook Lake, Maine Spruce-f i r 
Experiment S t a t i o n  
(R.  S .  Pierce/ 
( J .  14. Hornbeck) 

Clemson U n i v e r s i t y  Clemson, South Caro l ina L o b l o l l  y p ine 
(D. Van Lear) 

U n i v e r s i t y  o f  Charles Pack Forest ,  Douglas- f i r ,  
Washington Washington red a l d e r  
(0 .  W. Cole) 

S i t e s  c u r r e n t l y  i n  t h e  EPRI Acid Rain Research Program 

Oak Ridge Nat ional  Walker Branch Watershed, Chestnut oak, 
Laboratory Tennessee yel low-poplar 
( 0 ,  W. Johnson) 

Tenn. Va l l ey  Auth. Camp Branch Watershed, Mixed deciduous 
(J. F4. K e l l y )  Tennessee 
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p r o j e c t  requ i red  cons t ruc t i on  a f  a f u l l  n u t r i e n t  budget, i n c l u d i n g  

t o t a l  n u t r i e n t  d i s t r i b u t i o n  i n  biomass, l i t t e r ,  and s o i l .  

The techniques f a r  assessing a c i d  r a i n  and n a t u r a l  leach ing  

processes p a r a l l e d  those used i n  t h e  E P R I  study. 

ana lys i s  of  p ~ ,  S Q ~  anel HCO, i n  i npu ts  and s a i l  s o l u t i o n  allowed a 

comparison o f  atmospheric H i n p u t s  w i t h  i n t e r n a l  H generat ion f rom 

carbonic a c i d  i n  t h e  s o i l  ( i .e . ,  C O ~  c H ~ O  + ~ 1 ~ ~ 0 ~  -+ H + HCQ~). 

S p e c i f i c a l l y ,  
2- 

f + 
c 

Methods o f  assessing harves t ing  e f f e c t s  i n  t h e  E P R I  s i t e s  parallel 

those used i n  t h e  DOE study (except t h a t  no ac tua l  harves t ing  has taken 

p lace ) .  Namely, t r e e  biomass was estimated us ing  regress ion  equations 

and s o i l s ,  l i t t e r ,  and vegeta t ion  were analyzed f o r  major n u t r i e n t s ,  

Knowledge o f  t h e  d i s t r i b u t i o n  o f  n u t r i e n t s  i n  f o l i a g e ,  branch, bole, 

l i t t e r ,  and s o i l s  a l lows t h e  e f f e c t s  o f  bole-only harves t ing  v s  

be ca l cu la ted  (assuming complete removal o f  t h e  produc t ) .  

Resul ts f rom each s i t e  were repor ted  i n  a standard format annua l ly  

t o  ORNL. This  r e p o r t  represents t h e  f i r s t  major syn thes iz ing  o f  these 

da ta  a t  ORNL; an abbreviated vers ion  o f  t h e  r e p o r t  which was submitted 

f o r  t h e  NAPAP meeting he ld  i n  Ashev i l l e ,  N.C., November 13-15, 1984. 

Reparts from i n d i v i d u a l  s i t e s  a re  provided i n  Appendix B e  

111. RESULTS ANQ DISCUSSIB 

l a b l e  2 shows the  t h r e e  stages o f  t h e  method used t o  evaluate the 

e f f e c t s  o f  a c i d  depos i t i on  and ha rves t i ng  on base c a t i o n  e x p o r t ,  These 

r e s u l t s  a l l o w  some i n s i g h t  i n t o  (1)  t h e  p o t e n t i a l  long-term e f f e c t s  o f  
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Table 2. Synthesis o f  r e s u l t s  a t  QRWL 

Three Stages o f  EvaluatSorj o f  the E f f e c t s  o f  Acid Deposi t ion,  
Harvest ing.  and Natura l  Leachins on Base Cat ion ExDort f rom Forests 

Stage 1. P o t e n t i a l  base c a t i o n  removal due t o  a c i d  depos i t i on  vs 
whole-tree ha rves t i ng  (assumes 100% e f f i c i e n c y  o f  H+# 
exchange f o r  ca t i ons )  

A. Measure inputs of  ti+. SO , NO;’ ca , K+, Mg2+ 
B. Estimate expor t  of C Ca 

harvest 

C. 

2- 26- 

2% + K+ + Mg2+ i n  biomass 

Compare H+ i n p u t s  ( A )  t o  c Ca + K + wg output  (13) i n  
Eq.ha-l.yr-’ f o r  a g iven r o t a t i o n  l eng th  

Stage 11. Actual  base c a t i o n  removal due t o  a c i d  deposi t ion,  i n t e r n a l  
leaching processes, and whole-tree ha rves t i ng  ( requ i res  
measurement o f  leaching f l u x e s )  

A, Compare leaching r a t e s  o f  & Ca 2+ f K+ + Mg2+ w i t h  
2- -1 -1 leaching r a t e s  o f  SO4 NO;, and HCO; i n  Eqoha o y r  

B. Determine amount o f  c a t i o n  leaching due t o  HC03, 
NO; and SO:- from (A) 

C. Compare r e s u l t s  o f  (B) t o  C c a t i o n  removal i n  harvest  

Stage 111. I n t e g r a t i o n :  R e l a t i v e  e f f e c t s  o f  a c i d  deposi t ion,  i n t e r n a l  
leaching processes, and ha rves t i ng  on Ca2+, K+, and 
Mg2+ removal f rom f o r e s t s  

A.  Estimate p ropor t i ons  o f  Ca2+, K+, and Hg2+ leaching 
( i n d i v i d u a l l y )  accounted f o r  by HCO3. NO, and 
SO:- i n  Eq*ha-’*yr-’ ( i n d i v i d u a l l y )  

3.  Compare r e s u l t s  o f  ( A )  t o  est imates of Ca, K, and Mg 
removal i n  ha rves t i ng  i n  Eq0ha-l *yr-’ 



R 

ac-id deposition and ha.rwstiny nn soil cation nutrfent sta tus  and 

(2) t h e  validity o f  e x i s t i n g  sot1 sensitivity classification scherncs. 

Stelge I .  Potential Base C a t i o n  Removal Due to Acid 
Deposition vs  FPbhole-tree Harvesting 

plest  stage of analysis lends itself well t o  regional 

extrapolation, since reg”nrna,l patterns o f  deposition are being measured 

and hasic forest bio ass and n u t r i e n t  content data  are available for 

many forest types (see Marion 1979; Cole and Rapp 19 

advances in remote sensing uill no doubt enhance the latter, also.) 

ihus, t h e  potential bare cation export due to acid deposition could be 

~~~~a~~~ with estimated base cation removal by harvesting on a fairly 

large scale, if it is acjsii 

ki’ deposition are  obtained and (2) all incoming H+ causes 

equivalent exports o f  base cations. Both assumptions are questionable, 

as will be shown later, afid natural leachin prbceases a r e  ignored 

I-bowever, the relative ease o f  obta in ing  data  i s  a factor in regional 

assessments; thus, t h e  utility of this crude approach is evaluated 

here, using the data s e t s  on hand. 
-t 2- Tab’Ze 3 g i v e s  bulk deposition of H , SO4 , and 

21- 
9 d- K+ (EM) removed by WTH (annualized, or tat21 

removal divided by rotation age) at all sites. I n  assessing t h e  

effects o f  harvesting on base cation export, we consider only removals 

of  Ca 

n u t r i e n t ,  and its concentration in t h e  tissues o f  temperate f o r e s t  

2+ 2+ f 
, Mlg , and K’ but not Ma . Sodium is not an essential 

t rees  i s  normally very low relative to concentrations of t h e  majar bane 

c a t i o n  nutrients.  hat ~ a +  can be i wared in assessments of base 
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Table 3 .  Eulk deposition and throughfall fluxes o f  H+. S0 
and lu0g and annualized export o f  Ca2+ + Mg2+ +- K+(GBC) 

i n various forest site (keq 0 ha-1 eyr-1) 

Site 

Potential CEC removal 

Vegetation Hf SO$- NO3 

by atmospheric deposition G cation 
removal by 

Removal 
i n  biomass 

Chesuncook, Maine Spruce-fi r 0.59 0.39 0-19 0.49 
Clemson, S.C. Loblolly pine 0.54 0.77 0.06 0.28  
Oak Ridge, Tenn. Loblolly pine 0.70 0.82 0.09 0.40 

Pack Forest, Wash. Qouglas-fir 0.10 0.48 0.10 0.66  

Coweeta, N.C. Mixed deciduous 0.44 0.74 0.28 0.40 
Oak Ridge, Tenn. Hixed deciduous 0.60 0.80 0 .16  1.22 

Walker Branch, Tenn. Mixed chestnut oak 0.70 0.83 0.14  1.43 
Camp Branch, Tenn. Mixed deciduous 0.17 1.25 0.31 0.40 

Pack Forest, Wash. Red alder 0.10 0.48 0.10 0.66 

Walker Branch, Tenn. flixed deciduous 0.70 0.88 0.14 1.63 

Throughfall 

Chesuncook, Maine Spruce-f i r 0 .32  0 .53  0.08 

Clemson, S.C. Lob1 ol 1 y pi ne 0.58 1.15 0 .10  
Oak Ridge, Tenn. Loblolly pine 0.51 1.29 0.26  
Pack Forest, Wash. Qouglas-fir 0.13 0.41 0.005 

Coweeta, N.C. flixed deciduous 0 . 1 2  1.92 0 . 1 3  
Oak Ridge, Tenn. Mixed deciduous 0 . 3 2  1.14 0 .03  
blalker Branch, Tenn. Mixed chestnut oak 0.30 1.25 0.20 
Walker Branch, Tenn. Nixed yellow-poplar 0.22 1 .33  0.19 
Camp Branch, Tenn. Mixed deciduous 0.06 1.21 0.29 
Pack Forest, Wash. Red alder 0.11 0 .43  0.005 

aWTH = whole-tree harvesting. 
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cation removal via harvesl'lng has been cmfirmed by foliage, wood, and 

root tissue analyses a t  ORWL. 

t o  be done for the other  s i t e s ,  

Sod-!um analyses on p l a n t  tissues re 

It can be seen that ,  while variability among sites is great, 

H+ cieporition and CBC removal by WTH are generally OF the same 

order of magnitude (i.e.% one does not make the other trivial hy 

comparison, therefore both u s t  generally be considered i n  assessing 

base cation removal and soil acidification). 

The absolute amount o f  H9 i n p u t  i n  bulk deposition does net 

correspond particularly well to a site's proxi ity t o  pallutant sources 

or t o  the amount OF SO:*- deposition.  he rates o f  H+ deposition 

decrease from, Qak RidgdWalker Branch, Tenn., > Chesuncook, Maine, > 

Clemson, S.C., > Coweeta, M.C>, > Cam Branch, Tenn.. > Pack Forest, 

The problems with easuring H input from bulk deposition are 

well known, however, so it is useful t o  compare inputs o f  mineral acid 

anions in both bulk deposition and throughfall, as indices o f  t h e  level 

of total deposition. In bulk deposition in ut o f  SO:-, Camp Branch 

> Walker Branch/Oak Ridge = Coweeta =r Clemssn > Pack Forest 

> Chesuncook. The rather low SO4 input a t  Chesuncook, 

surprising in view o f  the moderately high W 

apparently, much o f  the incoming H 

+- 

2- 

4- 
input a t  that site; 

6 i s  balanced by NO, in this case. 

Throughfall SO:- can give a rough index of wet + dry S input in 

palluted regions, since several analyses o f  sulfur cycling show that 

foliar SO:- leaching can seldom exceed 0.1 t o  Q e 2  keqoha *yo" 

(Shriner and Henderson 1978; eiwes and Khanna 1981; Stednick 1982; 

Johnson e t  a l .  1982a; Johnson 1984; David e t  31. 1984). Using t h i s  as 

a rough guideline, it becomes apparent that in terms of total S deposition, 

-1 -1 

. .  
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Coweeta > Oak ~ i d g e ~ ~ ~ ~ k ~ r  ranch > Camp Branch r Clemson, 5 .6 .  

> Chesuncook, Maine > Pack Forest, Wash. The Camp Branch and Pack 

Forest si tes show no net folizir leaching of  SO:- [(throughfall  SO:-) 

- (prec ip i ta t ion  SO:-)J* possibly re f lec t ing  a generally lower level 

of d r y  s u l f u r  deposition nut r i t ion  than a t  the  other  s i t e s .  

SO!- uptake may be expected i n  N-rdch s i t e s ,  such a s  the N-f ixing red 

a lder  s i t e ,  however. 

Some f o l i a r  

For NO; deposition, the s i t e s  followed the order Camp Branch, 

Tenn., > Coweeta, N.C*., > Chesuncook, Haine, > Oak Ridge/Walker 

Branch, Tenn. ,  = Pack Forest, Mash. > Clemson, S.C. T h e  

Chesuncoob, Pack Forest, Coweeta, and Oak Ridge mixed-oak s i t e s  show a 

net uptake o f  NO; i n  the  canopy, whereas the other  s i t e s  show no 

change (Camp Branch s i te )  o r  a net loss  from the canopy (Oak Ridge, 

loblol ly  both Walker Branch si tes and Clemson). The  l a t t e r  apparent 

net loss a t  the Oak Rjdge lob lo l ly  and Walker Branch s i t e s  i s  thought 

t o  be due t o  HNOQ vapor deposition t o  the f o r e s t  canopy, probably 

followed by leaching from the canopy, i n  addition t o  an unknown amount 

of f o l i a r  NO; uptake (Lindberg 1982). 

deposition has not been done a t  other s i t e s . )  

(Research on HN03 vapor 

The CBC removal by WTH appears t o  be generally grea te r  i n  

deciduous specles than i n  coniferous ones (although there  a r e  

uncertaint ies  i n  d e f i n i n g  rotat ion age i n  mixed deciduous stands).  

This i s  most l i k e l y  due t o  the grea te r  concentrations of cations i n  

hardwood species,  especially oaks and hickories (Marion 1979; Johnson 

e t  a l .  1 9 8 2 ~ ) .  Slnce acid deposition potent ia l ly  has the same e f f e c t  

i n  both coniferous and deciduous f o r e s t s ,  i t  would seem t h a t  the 



combined effects o f  acid deposition and 

deciduous forests (prjrnarily due t a  greater C8C export by WTH). As 

is shown in Appendix A s f  the Oak Ridge site report and later in the 

main body of this r ~ p o r t ,  however, a more detailed analysis of t he  

TH waulci be more pronounced in 

ecosystem shows this t o  be an oversimplification. 

Stage II. Actual Base Cation Removal Due t o  Acid Deposition, 
Internal Leaching Processes, and Whole-Tree Harvesting 

Phis second stage o f  analysis required measure e n t s  o f  leaching, 

which quite considerably limits its regional-scale use. However, i t  

adds two critical components t o  t h e  overall assessment: estimates of 

natural leaching rates (by internal productlon o f  carbonic, organic, or 

nitric acid) and estimates o f  the mobility of the atmospherically 

deposited SO:- and NO, anions in the ecosystem. It i s  well known 

that immobilization o f  SO:- or MI, can preclude the leaching o f  base 

cations by atmospherically deposited H2SQ4 or HN03 (Johnson and Cole 

1917,  1980; Lee and Weber 1982; Singh et al. 1980; Richter et a l ,  1983; 

Johnson et al. 1983). 

For this analysis, we used the leaching fluxes in the control 

sites as estimates o f  base cation fluxes over a rotation. Some sites 

show increased (Chesuncook, Maine) and some s i t e s  show decreased 

(Red Alder - Pack Forest, Wash.) rates o f  leaching Following harvesting 

(primarily associated with 0;; see Appendix 1 3 ) .  Me assume such 

changes t o  be temporary, however, if the site is a l l a  ed t o  revegetate. 

T h u s ,  the control site fluxes are taken t o  be the best (though probably 

slightly low) estimates o f  leaching rates for the full rotation. 
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An o v e r a l l  view o f  t h e  r e s u l t s  o f  t h l s  a n a l y s i s  i s  g iven i n  

F ig .  1. The le f t -hand ba r  i n d i c a t e s  CBC i n p u t  and t h e  rbght-hand bar  

i n d i c a t e s  CBC o u t p u t  i each case, w i th  output  be lng d i v i d e d  i n t o  

leaching balanced by SO4 , leaching balanced by H C O i s  leaching 

balanced by NO; t o t a l  leaching, and added e f f e c t s  o f  WTM. 

dominates CBC leaching a t  the Oak Ridge, Walker Branch, and Camp 

Branch s i t e s  whereas HC0; dominates leaching a t  a l l  o the r  s i t e s .  

N i t r a t e  i s  a major anion a t  t h e  Pack Forest  red a l d e r  s i t e ,  no doubt 

because o f  excessive N f i x a t i o n  and n i t r i f i c a t i o n ,  as was noted by 

Van Miegroet and Cole (1984) f o r  another red a l d e r  s i t e .  Reasons f o r  

the abnormally h igh  HCO, leaching r a t e s  a t  t he  Pack Forest  s i t e s  

a r e  as y e t  unknown b u t  a r e  being i n v e s t i g a t e d  a t  t h i s  t ime.  

2- 

S u l f a t e  

The predomlnance o f  SO:- i n  leachates from t h e  Oak Ridge 

Walker Branch and Camp Branch s i t e s  suggests t h a t  leaching r a t e s  i n  

these eastern s i t e s  have been accelerated considerably,  assuming 

p r e i n d u s t r i a l  SO4 leaching was low. P r e i n d u s t r i a l  SO4 leachjng i s  

and w i l l  remain unknown, however, thus,  t h e  assumption t h a t  it was low 

cannot be tested.  Nevertheless, i t  i s  safe t o  assume t h a t  increased 

atmospheric H2SOq depos i t i on  w i l l  l ead  t o  increased base c a t i o n  

leaching r a t e s  i f  (1)  HC0; and organic anion leaching decrease (Krug 

and F r i n k  1983) and ( 2 )  50:- i s  mobi le.  As t o  t h e  former, it i s  

l i k e l y  t h a t  anions w i l l  s h i f t  some as concentrat ions o f  H+ (as w e l l  as 

a l l  o t h e r  ca t i ons )  increase, but only i n  extremely a c i d i c  s o i l s  w i l l  H 

(and t h e r e f o r e  HCO-) respond s i g n i f i c a n t l y  t o  increases i n  i o n i c  

s t r e n g t h  produced by increased SO4 concentrat ions.  In any event, 

2- 2- 

+ 

3 
2- 
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F i g .  1. Inputs  of CBase c a t i o n s  (CBC) by bu lk  p r e c i p i t a t i o n ,  
leach ing  o f  CBase c a t i o n s ,  SO$-,  W C Q ~ ,  anci 
NOg, and removal of EBase c a t i o n s  by whole-tree 
h a r v e s t i n g  (WTH). Right-hand bars  i n d i c a t e  a d d i t i v e  e f f e c t s  
sf CBase c a t i o n  leach ing  by SO$-, H C O ~ ~   NO^, 
and o t h e r  anions p l u s  CBinse c a t i o n  removal by 
ME = Chesuncook, Maine; SC I= Clemson, S,C., OR 
p i n e ,  Oak Ridge,  Tenn., OR6 = Chestnut oak,  Oak Ridge, Tenn., 
WBC = Chestnut oak,  N a l k e r  Branch Watershed, Term.,  
WBY = Yel low-paplar ,  Ma lker  Branch Watershed, Tenn.,  
CW = Coweeta, N.C., C Camp Branch, T e n n . ,  OF = 
Pack Forest ,  Mash., R = Red a l d e r ,  Pack Forest ,  
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2- i t  can be said t h a t  the Increases i n  SO4 

solution a r e  very ~ n ~ i ~ ~ ~ ~  Po be exactly 

HCo, and organic anion concentration, t h u s ,  overall  l e a c ~ ~ n ~  ra tes  

wll l  increase i n  response t o  WzSOq i n p u t s .  

pH-induced anion s h i f t  has occurred, we have underestimated natural 

leaching ra tes  and overestdmated the degree t o  which acid deposition 

has accelerated these natural leaching ra tes .  For the  s i t e s  studied 

c o n ~ ~ n ~ r a t i o n §  i n  s o l 1  

tched by decreases i n  

To the  extent t h a t  a 

here, i t  i s  unlikely t h a t  a s i g n i f i c a n t  anion s h i f t  has occurred, and 

most H2SO$ i n p u t  has caused base cation ra ther  than H+ and AI3' 

concentrations t o  increase. T h i s  assumption i s  t e s t a b l e  i n  f i e l d  and 

laboratory manipulative s tudies  and i s  worthy of f u r t h e r  s t u d y .  
2- I t  appears t h a t  SO4 I s  immobilized i n  the  Clemson, Coweeta, and 

Camp Branch s i t e s  ( i n p u t  > output);  t h u s ,  the  potent ia l  f o r  

SOi-inediated leaching has yet  t o  be realized (Table 4 ) .  Since 

estimates of s o i l  water f l u x  have a major e f f e c t  on estimates o f  SO:- 

and other  ionic fluxes,  e r rors  In s o i l  water f lux can s igni f icant ly  

a f f e c t  a l l  budgets. 

models (Pack Forest, Clemson, Oak Ridge), and others used estimates 

based upon anc i l la ry  watershed-level s tudies  (Chesuncook, Walker 

Branch, Coweeta, Camp Branch; see Appendix A ) .  Some invest igators  

reported stream water export (Chesuncook, Camp Branch) and Clemsan 
2- reported surface runoff. 

retention a t  Clernson, Camp Branch, Coweeta, and Walker Branch b u t  no 

SO:- retention a t  Chesuncook, Maine (Table 4 ) .  

Some s l t e s  used water f l u x  estimates based upon 

Streamflow and runoff data show net  SO4 



2- -1 2- fable 4. Weighted average annual SO4 concentrations (mq * L 1 and SO4 fluxes 

(keqbha-leyr-l) in solutions from various forest ecosystems 

Bulk Soi 1 
Stream - ~ - _ _  Drec i pi  tat i on Throughfal 1 solution 

site Vegetation conc . Flux Cons:. Flux Conc. Flux cow. Flux 
~ 

Chesuncook , &ai ne Spruce-fi r 0.038 0.39 0.073 0.53 Q.17 . l  0.61 0.137 0.41 

Clmon, S.C.   loll y pine 0.057 0.77 0.098 0.83 0.020 0.05 0.100 0.29 

, Tenn. Loblolly pine 0.Ml 0.82 0.112 1.29 0.259 1.21 - 
Pack Forest, Wash. kugtas-f i r  0.043 0.48 0.015 8.41 0.141 '1.35 -- - 

ka, N.C. Wixed deciduous 0.033 0.74 0.192 1.92 0.019 0.20 - - 
Oak Ridge, fenn. Hixed deciduous 0.060 0. 0.092 1.14 0.248 1.54 - 
a l k e r  Branch, Tenn. Mixed chestnut oak 8.069 0 .  0.114 3.25 0.166 0.94 I 0.56 

Walker Branch, Tenn. Hixed yellow-paplar 0.069 0.88 0.159 '8.38 0.379 2.16 -- 0.55 

- a 

5ranch, Tenn. Mixed deciduws 0.7 1.25 6.1'08 1.21 8.134 0.15 0. 

Pack Forest, Wash. Red alder 0.043 0.48 0.057 8.43 0.119 1.15 -- - 

aThe dash indicates no data. 
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2- A f u r t h e r  check on s i t e  SOrg retention was made by comparing 

50:- concentrations i n  p r e c i p i t a t i  n w i t h  Concentrations i n  sai 7 

so?ution. If s o i l  rlalution SO4 concentration i s  less than 

equal t o  t h a t  i n  precjpi ta t ion o r  throughfall ,  the s i t e  wil l  show a net 

accumulation o f  SO4 

precipi ta t ion o r  throughfall  f l u x ) .  By t h i s  measure, i t  i s  c l e a r  t h a t  

Clemson, Coweeta, and Camp Branch a r e  accumulating SO4 , j u s t  as 

the  ecosystem budgets indicate  (Table 4 ) .  

2- 

2- (because s o i l  water f l u x  must be l e s s  than 

2- 

I t  i s  somewhat surpr is ing t h a t  none o f  the Oak Ridge o r  

Walker Branch s i t e s  showed net SO4 accumulation, i n  view of 

previous research on both p lo t  and watershed levels  (Shriner and 

Henderson 1978; Johnson e t  a l .  1982a). [The yellow-poplar stand on 

Walker Branch i s  known not t o  accumulate SO4 , because of i t s  low 

sa?? SO4 adsorption capacity (Richter e t  a l .  1983) ] .  Recent 

comparisons suggest t h a t  although the Fullerton s o i l s  (which occupy a l l  

b u t  the klalker 5ranch - yellow-poplar s i t e )  contain adsorbed s u l f a t e  

and the Walker Branch Watershed as a whole re ta ins  SO4 

and Henderson 1978; Johnson and Henderson 1979), these s o i l s  a r e  l e s s  

able t o  adsorb additional SO4 

[e.g.(  Porters and Saluda ser ies  a t  Coweeta; Johnson and Todd (1983)l. 

I t  should a l s o  be noted t h a t  some of the Oak Ridge and Walker 

Branch s i t e s  may actual ly  be adsorbing SO:-, since b u l k  deposition 

underestimates S deposition (Lindberg 1982). Similarly,  unmeasured 

i n p u t s  may account f o r  part  o r  a l l  of the apparent net SO4 

from the Chesuncook, Maine, s i t e  and the Pack Forest s i t e s .  However, 

t h e  ve ry  large net SO:- exports from the  l a t t e r  suggest an internal  

source, perhaps an S-bearing mineral. 

2- 

2- 

2- 

2- (Shriner 

2- than many other southeastern s o i l s  

2- export 
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2- 

reach steady s t a t e  are unknown bu t  could be addressed through s o i l  

SQ:- adsorpt ion st.ud’!es and modeling. Johnson and Todd (1983) 

tes ted  several  o f  these s o i l s  f o r  SO4 

p r o p e r t i e s  (Chesuncook., Cowceta, Camp ranch, Walker Branch) and 

o v e r a l l  pa t te rns  genera l l y  matching SO:- budgets b u t  d i d  DOPI 

measure SO4 adsorpt ion isotherms f o r  these s o i l s .  Such isotherms 

would be necessary t o  model breakthrough t imes ( i . e s ,  t ime needed t o  

reach steady s t a t e ) .  This i s  a ma t te r  worthy sf f u t u r e  research. 

The Pack Forest  s i t e s  are unique in t h e i r  extremely h igh  

t i m e r ;  invo lved For t h e  SO4 -accumulating s i t e s  t o  

2- content and adsorpt ion 

2- 

i n t e r n a l  product ion o f  HCO, ( F i g .  1 ) ) .  

l a r g e  i n t e r n a l  product ion of NO; as w e l l ,  s i m i l a r  t o  t h a t  ~ O C U  

by Van Miegroet and Cole (1984) for t h e  Thompson s i t e .  ( A l l  o the r  

s i t e s  i n  t h i s  study accumulate NO;.) 

Pack Forest ,  however, i n t e r n a l  HCQ, product ion c l e a r l y  dominates, Far 

t h i s  reason, and n o t  because o f  p a r t i c u l a r l y  low r a t e  o f  SO:- leaching, 

SO:- plays a r e l a t i v e l y  minor r o l e  i n  base c a t i o n  leaching a t  these 

Washington s i t e s .  

The red a l d e r  s i t e  shows a 

Even i n  t h e  red a l d e r  s i t e  a t  

A l l  s i t e s  except Clemson and Camp Branch show n e t  exports o f  @6C 

by leaching alone (F ig.  1) .  The Clernson and Camp Branch s i t e s  show a 

n e t  ga in  due t o  low s o i l  leaching ra tes .  Camp Branch a l s o  sho 

h igh  CBC i npu ts .  W i t  t he  exceptions o f  t h e  Clemson and Camp Branch 

s i t e s ,  t o t a l  CBC leaching exceeds CSC removal by WTH. Sulfate-mediated 

leaching alone exceeds CBC removal by PH i n  the Maine, Qak Ridge 

l o b l o l l y  pine, and Walker Branch yel low-poplar s i t e s  (F ig .  1 ) .  With the  

ined e f f e c t s  o f  leaching and WTH, a l l  s i t e s  except Camp Branch show a 

n e t  CBC loss. 
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Data for soil exchangeable cations and total base cations ( l a p  this 
%+ 2.t + case, Ca + Mg e K only) were available for some sitesp allowing 

comparisons o f  CBC loss sates with soil pool sizes. For the s j t e s  for 

which we have data, annual ClsC losses by leaching equal only 0.3% 

(Coweeta) to 2.03 (Oak Ridge, Walker Branch) o f  the exchangeab?e cation 

capital and 0.003 to 0.7% of the total soll cation capital (Camp $ranch and 

Clemson show a net gain.) (See Table 5 ) .  With WTH, annual CBC losses 

equal from 0.06% (Clemson) to 7.0% (Oak Ridge, mixed deciduous) o f  the 

exchangeable cation capital and 0.01 to 0.2% of the total soil cation 

capital. 

(or total) CBC supplies, even with WTH, in view o f  the probability o f  

replenishment of exchangeable cations by weathering and deep rooting. 

Unfortunately, soll CBC capital values are unavailable for Pack Forest, 

thus hindering comparisons, with the very high CBC leaching rates there. 

None o f  these rates of loss appears to threaten soil-exchangeable 

Stage 111. Integration: Relative Effects of Acid Deposition, 
In erna! Leachin 
Ca , K , and lrlg Removal from Forests 

Processes, and Harvesting on $* !+ 

Both biomass removal and leaching can cause the net export of base 

cations from the ecosystem. However, there are fundamental differences 

in the basic processes involved (i.e.s plant uptake Q S  cation exchange) 

that lead to very different effects of harvesting v s  those of leaching 

(whether due to acid deposition or natural, internal processes) on the 

expor t  o f  individual cations. 

Since each cation nutrient has a unique set o f  functions in 

plants, (i.e., Ca in cell wall formation, Fig i n  chlorophyll, 

K' in regulating stomatal opening) plants require each o f  these 

2+ 2+ 



1 
Table 5 .  Net exports of Ebase cations, d' , p, and E l *  (keq ha' yr 1 ccqared with soil-exchangeab)e an6 total contents ( k q  ha' 1 .  

Site Chesuncwk, bine C l m o n ,  S.C. Oak Ridge, Tenn. Oak Ridge, lenn. Walker Branch. Tenn. Coueeta, N.C. C a y  Branch, Tenn. 
vegetation Spruce-fir Loblolly pine Loblol!y pine Chestnut oak Chestnut oak Yellow-poplar Hixed decidwxls nixed deciduous 

E b s e  Cations 

Soil capita\ 
'Total 3800 1370 1450 3000 1100 5540 _ _  
Exchangeable 85 7 1  33 35 84 113 68 95 

ieachi ng" -1.61 4 . 2 3  -1.21 -1.11 -1.25 -2.22 -0.18. e0.w 
4.iTtib -2.10 -0.04 -1 . 6 i  -2.33 - 2 . m  -3.65 -0.w -0.59 

Net export with: 

Soil capital 
Total 540 756 255 245 200 200 125 _- 
Exchmgeable 67 46 64 it3 10 80 47 40 

ieachi nga -0.94 4 . 0 7  -0.16 -9.33 60.01 -1.14 4 . 1 3  4 . 4 6  
Netexport w i t h :  

mwb - 1  .a -0.14 -0.92 - 1  .a02 -;.xi -2.28 -0.17 to. '13 
!P 

Soil capital 
Total 260 392 5% 593 500 500 3110 - 
Exchangeable 2 . 9  4.1 5 .1  5 . 4  !0 9 13.1 I5 

Net export uith: 
Leachinga -0.04 4 . 0 4  -0.10 -0.12 -0.01 43.05 3 4.07 
WTHb -0.12 4 . m  -0.19 -0. ia -0.12 -0.17 -0.06 4.03 

w 2 +  
Soil capital 
Total 3ooo 
Exchangeable 15 21 

520 6?0 104G 560 2240 
13 12 27 l i  8 

_ _  
40 

Wet export with: 
Leachinga -0.52 +0.0, -0.26 -0.54 -0.20 4.39 -0. IS co.05 
id( Hb -0.58 -0.13 -0.31 -0.61 -0.31 -0.56 -0. IS 4.0: 

a(l)ulk precipitation) - (soil ledching]. 
b(Bu'lk precipitation) - isoi l  lerching) - (removal by KIH) 



13 

n u t r i e n t s  and s u b s t i t u t i o n s  cannot be made. 

exchange f o r  any c a t i o n  s u f f i c i e n t l y  abundant on exchange s i t e s  to a l l o w  

c a t i o n  exchange t o  occur. 

On t he  o t h e r  hand, H" can 

The i n a b i l i t y  o f  p l a n t s  t o  s u b s t i t u t e  among cat ions,  t h e  dtminished 

leaching o f  c a t i o n s  w l t h  d i m i n i s h i n g  exchangeable suppl ies,  and t h e  

b i o l o g i c a l  conservat ion o f  l i m i t i n g  n u t r i e n t s  make it apparent t h a t  

ha rves t i ng  w i l l  have a g r e a t e r  impact on t h e  expor t  o f  g r o w t h - l i m i t i n g  

ca t i ons  than w i l l  leaching, eSther by a c i d  d e p o s i t i o n  or  n a t u r a l  

processes. 

Consider ing each o f  t h e  t h r e e  major n u t r i e n t  ca t i ons  i n d i v i d u a l l y ,  

some i n t e r e s t i n g  pa t te rns  emerge t h a t  d i f f e r  s u b s t a n t i a l l y  from those 

i n  CBC export .  Without harvest ing,  t h e  Clemson, Coweeta, and 

Camp Branch s i t e s  show a n e t  Ca 

and t h e  Walker Branch Chestnut oak s i t e  i s  approximately i n  balance 

(F ig,  2). As was s ta ted  e a r l i e r ,  t h e  Coweeta and Walker Branch s i t e s  

showed a n e t  GBC expor t  by leaching, whereas Clemson and Camp EIranch 

showed a n e t  CBC g a i n  (F ig .  1) .  
2c f + 

gains o f  Mg and K , and Coweeta i s  i n  balance f o r  K (F ig .  2).  

Calcium removal by WTH va r ies  considerably,  being h ighes t  i n  the 

eastern deciduous f o r e s t s  and lowest i n  the  l o b l o l l y  p ine  f o r e s t s  

(F ig .  2 ) .  

Ca , K', and Mg 

descr lbed i n  d e t a i l  i n  Appendix B. B r i e f l y ,  i t  appears t h a t  t h e  much 

g r e a t e r  Ca2* accumulation by deciduous t r e e s  than by l o b l o l l y  p ine  

has caused d f ferences i n  soi l-exchangeable Ca , which i n  t u r n  

a f f e c t  Ca2+ eachlng rates,  both o f  which a r e  lower i n  t h e  deciduous 

2+ g a i n  from atmospheric depos i t i on  

Only t h e  l a t t e r  two s i t e s  show n e t  

A t  t h e  Oak Ridge s i t e ,  t h e r e  a re  i n t e r e s t i n g  con t ras ts  i n  
2+ 2+ removals by leaching and WTH; these a re  

2+ 
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nce both sites are subject to bas 

from SOq GBC leaching rates are 2- 
cally the same 

sim-i lar 

(Fjg. 1); and thus the rates of plg2', K', and Na' leaching in the 

deciduous site are greater than i n  the loblolly pine site (Fig. 2, 

Appendix B). 

This contrast I n  leaching rates o f  individual base cations Seems 

to be a direct consequence o f  differences in soil-exchangeable Ca2' 

produced by differences i n  vegetation Ca2+ accumulation (and thus 

removal of Ca by WTH). WTH may pose a problem for Ca removal 

in the deciduous rite (Johnson et al. 1982c) but not in the loblolly 

pine site. This interesting contrast supports the hypothesis that WTH 

will more strongly affect the budget of potentially limiting cations 

than will leaching. 

2+ 2+ 

24- 

supplies in those sites for which the latter data are available; net 

annual losses (for those sites experiencing a net loss) equal only 0.02 

to 2.0% o f  exchangeable Ca 

(Table 5). Leaching that occurs in conjunction with harvesting 

accounts for 0.4 to 8.4% of  soil-exchangeable Ca2+ (the higher amount 

occurring in the Oak Ridge deciduous forest) and 0.1 to 0 , S X  o f  t o t a l  

soil Ca2+ (Table 5) e 

Calcium leaching does not appear to pose a threat to soil Ca 

2+ and M.01 to 0.2% of  total soil Ca2+ 

Net K' leaching constitutes a fairly small (0.8 to 1 . 3 % )  

proportlon o f  soil exchangeable K* in all sites showing a net K' 

leaching loss, with the exception o f  the Oak Ridge deciduous forest, 

where net K' leaching equals 5.4% of t h e  soil-exchangeable K' 

(Table 5). However, soil total K i s  large at this site and even 
+ 
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4. modest r a t e s  of weathering could offset  n e t  K leaching losses 

(Table 5 ) .  

cons iderably  amon s i t e s .  

l o s s  w j t h  NTH, and t h i s  l o s s  equals 0.5 t o  6 , s  of exchangeable K+ 

( t h e  h ighes t  i l c c u r r i n g  Sn t h e  Oak Ridge decidu us f o r e s t )  and on ly  

0.002 t o  0.06% o f  to ta l  s o i l  K+ (Table 5 ) .  

The r e l a t i v e  i portance o f  kdTH t o  K+ budgets va r ies  

A I 1  s i t e s  except Ca p Branch show a n e t  K* 

With the  except ion of t h e  Clemson and Ca p Branch s i t e s  (which 

show n e t  gains o f  Mg ), a l l  s i t e s  show a g rea te r  Mg l o s s  from 

leaching than from TM [sometimes by a considerable amount (e.g., Pack 

Forest, Oak Ridge)] (F ig ,  2; Table 51, 
2+ demand r e l a t i v e  t o  Ca2+. #et g leaching losses  (where they 

occur) g e n e r a l l y  equal greater propor t i ons  o f  soi l-exchangeable Mg 

(0.9 t o  3.5%) than was t h e  case f o r  Ca ot- K . 
t h e  Oak Ridge s i t e  being an except ion) (Table 5 ) .  

pools a r e  large,  however; thus, no immediate problems i n  Mg 

suppl ies a r e  forseen. 

genera l l y  poses l i t t l e  t h r e a t  t o  s a i l  Mg suppl ies.  

2+ 2+ 

This r e f l e c t s  lower t r e e  Mg2+ 

2+ 

2+ 4- (K+ leaching i n  

To ta l  s o i l  Mg2+ 
2c 

UTM adds l i t t l e  t o  Ng2+ l oss  by leaching and 
2+ 

It i s  n o t  poss ib le  a t  t h i s  t i m e  t o  assess t h e  degree t o  which 
2+ 2+ leaching r a t e s  o f  Ca , Mg 

a c i d  deposi t ion.  It cain be s ta ted  from t h e o r e t i c a l  s e l e c t i v i t y  

(Fa2') leaching have r e l a t i o n s h i p s ,  however, t h a t  Ca and 

keen a f fec ted  mare than K+, a c t i v i t y  i s  

p r o p o r t i o n a l  t o  t h e  square o f  t h e  change i n  K a c t i v i t y  (Reuss 

1983). 

leaching r a t e  would increase by a f a c t o r  o f  1.41 ( 4 2 ) .  A modeling 

, and Kf are a f f e c t e d  i n d i v i d u a l l y  by 

24- 24" 

The change i n  M 2i- 

+ 

Thus, f o r  a doubl ing o f  t h e  H2+ leaching r a t e ,  the Kf 
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approach (e.¶., Reuss 1983) to the issue of increases in ~ ~ ~ i ~ I ~ ~ ~ l  

cation leaching rates would be both useful and interesting but is at 

present beyond the scope o f  this project. 

IV. XMPLICATHO S FOR SOIL SEWSIJIVITY C ~ A ~ ~ ~ F ~ C A ~ ~ ~ ~  SCHEMES 

Soil sensitivity criteria have employed basically three major 

criteria for terrestrial effects: cation exchange capacity (CEC), base 

saturation ( x e s ) ,  and sulfate adsorption capacity, the last relying on 

the use of soil Fe + A7 oxide and organic matter content as surrogates 

(Wiklander 1974; HcFee 1980; Klopatek et al. 1980; Johnson 1980, 

1981). kliklander (1974) argued that soils with low CEC and moderate 

%BS are m o s t  sensitive to change; this concept would be valid f o r  our 

budgeting approach for CBC. That is, soils low in CEC wil 

have low CBC content and t h u s  small reserves relative to a given rate 

of GBC loss. Wiklander (1974) correctly argued that soils with very 

low X5S will conserve base cations and thus will not change as rapidly 

as soils with moderate %BS. Wiklander (1974) did not account f o r  

A?’’ mobilization In soils with very low XBS (e.g., Ulrich 1980; Selp 

1980) in his assessment o f  soil sensitivity to acidification, however. 

Clearly, it is important to specify the type of sensitivity (i+e., t o  

XBS change, A13+ mobilization, etc.) before proposing criteria f o r  

classifydng sensitivity. 

None of the sites investigated in this study showed either 

significant A I 3 +  concentrations in solution or the potential for 

significant changes in soil base cation content due to leaching. 

Unfortunately, complete soils data are not available f o r  a17 s i t e s  and 
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soils could be done a t  

further information en 

is important t o  recall 

danger o f  experiencing 

are relatively "insens 

unknown) replenishment 

methods were not CCB pasable ( e . g U 9  H H  C1 vs NW4QAc extractions f o r  

C E C ) ,  so  that a complete analysis o f  appropriate sensdtivity criteria 

is not possible with the data a t  hand. Analyses o f  CEC and 

4 

one laboratory, using standard methods, if 

sensitivity criteria are desired, However, it 

considered t o  be in serious 

to leaching (i.e*, all sites 

that no site was 

soil changes due 

tive"), especial y when the potential (but 

by Heathering is considered. 

Johnson (1980) proposed adding soi l  sulfate adsorption to soil 

sensitivity criteria and Johnson and Todd (1983) suggested that this 

could be related t o  sail Fe f A I  oxide and organic matter content, 

which in turn may broadly relate t o  soil order or suborder. 

Specifically, it is suggested that Ultisols will generally retain more 

SO:- than Spodosols (Johnson and Todd 1983) 

that SO:- immobilization greatly inhibited leaching in the 

Ultisols at Coweeta, Clemson, and Camp Branch, little or no apparent 

SO:- imobilization occurs in the Ultiso'is at the Oak Ridge 

sites. More research is needed (once again, standard extractions and 

tests in one lab) t o  sort out t h e  reasons for differences in SO:- 

retention among these Illtisols. 

kdhile it is clear 

Finally, these studies show the need to assess soil sensitivity on 

the basis o f  individual cations. These results show that a site losing 

ESC at a high rate may not necessarily be losing each cation, and 

furthermore that potentially limiting cations i l l  be conserved. The 

same cation exchange principles that dictate CBC conservation and 
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A13* leaching in very acid (low XBS) soils dictate that a given 

cation i n  very short supply will be conserved and less scarce cations 

w-TII be lost. There are, o f  course, complexities within the above 

generalization in terns o f  susceptibility o f  monovalent vs divalent 

cat4ons to leaching and the effects of changes in the percentage af 

Ca2'$ K', or Mg2+ saturation on exchange sites (the latter caused 

by uptake and leaching). From a nutritional standpoint (i+e., from the 

standpoint of  Ca2*, K*, and Hg2+ losses), it is clear that sites 

low in a particular cation are least susceptible to leaching losses of 

tbat cation (although one could argue that the site is "sensitive" to 

these losses since the soil reserves are low). It is also clear that 

Ca2+ removal by WTH is a greater threat to low soil supplies than 

leaching is in the stands studied here. 

particularly susceptible to large Ca 

Eastern deciduous stands seem 
2+ loss by WTH. 

V .  SUMMARY AND CONCLUSIONS 

The effects of  acid deposition, harvesting, and natural leaching 

on base cation export was investigated in forest sites at Chesuncook, 

Maine (spruce-fir), Clemson, S.C. (loblolly pine), Oak Ridge and Walker 

f3ranch Watershed, Tenn. (mixed deciduous, loblolly pine), Camp Branch, 

Tenn. (mixed deciduous), Coweeta, N.C.  (mixed deciduous) and Pack 

Forest, Wash. (red alder and Douglas-fir). 

in soil solutions from the Tennessee sites, suggesting that leaching 

rates had been signfficantly accelerated by acid deposition. 

Sulfate was the major anion 

icarbonate dominated leaching in the Ivlaine, North Carolina, South 

In the Washington sites, 50:- was Carolina, and Washington sites. 



of minor importance (although comparable i n  magnitude to that in the  

eastern sites) cornparad t a  the extremely h i  h internal generation of  

HCOi- 

alder site. A t  three of  the southeastern sites (Clem5sn, S.C., 

Coweeta, N.C.,  and Cdmp Branch, Tenn.), most incoming SO4 was 

- 
In addition, NO3 was o f  major importance in t h e  red 

2- 

obilired in the soil (presumably by adsorption and incorporation 

into organic soil sulfur), considerably reducing the potential for 

accelerated leachin by H2S04 deposition. For this reason, 

ional assessments o f  acld deposition v s  WTH effects on base cation 

oval based upon atmospheric deposition and stand inventory 

data only (Stage I o f  analysis), 

deposition effects in southeastern f o r e s t s .  The Oak Ridge and hlalker 

Branch sites showed little or no SO4 retention, and reasons for 

differences in $0:- mobility among t h e s e  sites (especially among 

the southeastern sites, which shared hlltisols) 

laboratory soil column experiments. 

ay seriously overestimate acid 

2- 

erits further study in 

Leaching, even from soils accelerated by acid deposition, does not 

appear t o  pose a threat ta soil CBC supplies in sites for which soil 

data are available, (This is basically because soil pools are large 

reJative to leaching rates). Indeed, some rites ( e . ¶ . ,  Clemson and 

Camp Branch) appear to accumulate CBC from atmospheric deposition, in 

p a r t  because o f  a high degree o f  SO:- immobilization. 

WTH causes the net CBC budgets of all but the Camp Branch site 

t o  became negative (the latter being subject t o  unusually high 

atmospheric CBC inputs). WTH has the greatest effect an CSC export 

in eastern deciduous sites. 
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+ The effects of  leaching and harvesting on Ca 

individually are q u i t e  different from those on CBC. 

by WTH is very high in some eastern deciduous forests, vhic 

Ca in biomass. 

forests show less Ca leaching but more Ca export in biomass in the 

deciduous forest. 
2+ reduce soil Ca 

Ca2* removal by WTH. Potassium and Mg 

a much lesser extent by these deciduous forest trees, show a higher 

leaching rate in the deciduous site than in the loblolly pine site. 

Overall, these results support the hypothesis that scarce o r  

Calcium removal 

Studies at Oak Ridge in loblolly pine and deciduous; 

Thts suggests that Ca accumulatlon in biomass may 

, and thus Ca2+ leaching rates, while increasing 
2+ , which are accumulated to 

potentially limiting cations are less susceptible to export by leaching 

than by WTH, whereas the reverse is true for more abundant, nonlimiting 

cations. 

The results o f  this study show that current soil sensitivity 

criteria for s o i t  acidification -- CEC, SBS, SO:- adsorption -- 
can be used to assess CBC export to a limited extent (with the 

realization that soil weathering is an important but unaccounted for 

factor). However, sensitivity schemes to determine nutritional effects 

must be oriented toward individual cations (Ca , K , and Mg 
separately) and must consider both biological and chemical mechanlsms 

which act to conserve those cations when in short supply. 

2+ + 24- 
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Data on precigitatjon, throughfal l ,  soil solution, and stream water 

istry from the Camp Branch study site are pr~esented 'an this report. 

Data reported span the period from May I983 through April of  1984 and 

thus represent the most recent 12 months of  observation. The 

focus of  this report will be a su a r i  zat ion o f  these most recent data. 

s i w  SITE 

The Camp Branch Exper i  ental  Watershed i s  located on the 

Cumberland Plateau within the boundarier of Fall Creek Falls S t a t e  Park 

in Bledsoe County, Tennessee (35"313' N; %5"1%' W ) ,  I h e  watershed covers 

ana area of 94 ha and ranges in elevation from 598 m at its highest 

point to 518 m at the w e i r .  

temperate and continental. 

periods, and the summers are mi7d t o  hot. 

The climate of the Cumberla 

The winters are moderate, with short cold 

Precipitation is well 

distributed over the year w 

soils on the study site are  

and siltstone and represent 

Average depth for  most prof 

t h  an average annual input o f  144 cm. The 

derived primarily fro weathered sandstone 

~ W Q  orders, Ultisols and Inceptisols. 

les is less than 120 c , The dominant 

soils are typically well drained, highly leached, acidic (pH 4.6-4.8), 

and relatively infertile (CEC 6.8-10,7). 

w i t h  a second growth forest in ~~~~~ var  ous species of  oak combine t o  

provide approximately 70 percent of the asal area. Quercus g c c i n e a ,  

9, stellata, P, alba, and 4, velutina are the dornSnants, Additional 

information on stand characteristics and sails can be found in Rernseur 

and Kelly (1981),  Kelly (19791, and Kelly (1984). 

The study site is vegetated 



41 

 ME^^^^^ 

Bulk precipitati n samples Far chem ca3 ana y s l s  were collected In 

a cleared area in the forest. Two replicate samples were collected on 

a weekly basis and composited f o r  the month f o r  chemical analysis. 

Rainfall amount is determined at three locations i n  the watershed and 

averaged to provide an estimate of total input for the watershed. 

Total mont.hly estimates o f  rainfall amount are then combined with 

monthly concentration values t o  obtain precipitation flux estimates. 

Throughfall samples were collected on a weekly basis from ten locations 

in the study area and bulked for the month f o r  chemical analysis as was 

precipitation. A typical-funnel bottle arrangement was used (Kelly 

1979) with the amount o f  throughfall being based on actual volume 

measurements and appropriate conversions to an area basis. 

volumes and monthly analytical values were used to calculate f l u x  

estimates. Soil solution chemistry was sampled using porous plate 

lysimeters located a t  three depths within the soil profile. Three 

plates were located at each of three levels, bottom of  the A horizon, 

mid B, and near the bottom of the profile. 

applied to the plates through the use of an automated vacuum system. 

Soil solution samples were collected on a weekly basis, mojsture 

conditions permitting, and also  composited for analytical purposes on a 

monthly bas-is. 

using regression techniques and throughfall input. Actual measured 

volumes from the plates a t  the bottom o f  the profile consistently 

exceeded precipltation input, lndicating significant lateral movement 

o f  water to the plate through this horlzon. 

Throughfall 

A constant tension was 

Estimates of water flux to each depth were derived 

Mater flux estimates were 
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agalin comb3ned with monthly analytical values t s  calculate elemental 

flux. Streamf ow volume Has calculated from continuous measure 

stage height. Stream w a t e r  was sampled in proport lon to fls 

samples being collected and analyzed chemlcally on a weekly basis. 

eekly flow and concentratdon values were combined t o  prodtice, 

e s t i m a t e s  o f  flux from the  study s i t e .  All precipltatisn, throughfall, 

soil solution, and stream w a t e r  concentrations reported in Table 1 are 

volume weighed. 

RESULTS 

The amount of precipitation occurring during the study period if 

projected to an annual basis is 28 cm or I9 percent below the long term 

annual mean. This fact could have a significant impact on both 

concentration and flux estimates presented in Tables 1 and 2. 

Precipitation volume was reduced by 12 percent in the conversion t o  

throughfall while soil solutlon volume a t  the bottom o f  the soil 

profile represented approxi ately 1 1  percent of the incsrni 

throughfall volume. This value i s  thought t o  be a reasonable estimate 

based on t h e  dryer than normal conddtions observed during the study 

period. Stream w a t e r  output represents 64 percent sf precipitation 

input, The flashy nature of the stream should be borne i n  mind, along 

with the observation that a significant amount of the water loss from 

t h i s  system occurs as a c o m s ~ ~ ~ ~ ~ G ~  o f  lateral flow in the upper soil 

horizons, which i s  consistent with the relatively low level of soil 

water flux below the 52t horizon, 
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There continues to be a definite bias I n  the cation/andon balance 

for streamwater toward a predominance o f  anions, whlle no strong bias 

is evident in the precipitation or throughfall samples. Soil solution, 

especially in the B-horizon samples, exhibits a blas In charge balance 

similar to that observed for streamwater. Although various possible 

explanatlons for this difference have been explored no reason can be 

offered at this time. Hydrogen ion input by preclpitation and 

throughfall appears to be effectively reduced by the soil with 

29 percent o f  precipltation hydrogen ion input leaving the system in 

stream water (Table 2), 

there i s  a substantial retention of calcium input (89x1 ,  there is a net 

loss o f  magneslum by a factor of 1.4. Comparing throughfall NH4 values 

with precipitation values suggests direct foliar absorption of 

approxlmately 70 percent o f  NH4 precipitation input. 

21 percent is absorbed by the soil resulting in NH4 losses equivalent 

to 9 percent of  input (Table 2). 

tightly conserved with only 8 percent of precipitation input leaving 

the system via streamflow. 

canopy-precipitation interaction with respect to absorption of  NO3. 

From these data it would not appear that significant amounts o f  excess 

nitrogen occur i n  this system. In fact only in the case o f  Mg and K do 

exparts in streamflow exceed precipitation inputs. 

It I s  also interesting to note that while 

An additional 

Nitrate appears to be even more 

There does not appear to be a significant 
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Thls  report summarizes t he  results o f  a study to eva1uat.e She 

impacts o f  acid precipitation on forest soils. The ~ x ~ ~ r ~ m e ~ t a l  site 

is a 6.7 ha catch e n t  a t  C ~ ~ e e t a  Hydrolagjc Laboratory and the study is 

part of a broader e f f o r t  t o  assess t h e  effects o f  whole-tree harvesting 

on soil nutr1ent.s. Study objectives, experimental sits, sampling 

methods, and data analysis have previously been given in detail in 

previous documents. 

Bulk precipitation samples are collected weekly at Rain Gage 5; 

chemical analyses are pesforme l e  and average annual 

values are calculated by weighting concentrations by volumes of  

precipitation. Throughfall quantities and chemistry were taken f rom 

prevlous studies at Csweeta and presented in the first annual progress 

report. For purposes of  this project, these data remain unchanged and 

are not repeated here, 

l80-cm depth with 10 porous cup lysimeters located over the 

experimental area. Mean chemistry values are based on all samples 

collected during the June 1983- ay 1984 period. The water f l u x  at 

108 cm was derived from long-term hydrologic records at Coweeta and 

from experimental measures o f  streamflow responses t o  treatment. 

Soil solution samples are collected weekly at a 

Annual water fluxes and concentrations and fluxes o f  

cations-anions are summarized in Table 1 and a comparison of  values For 

3- and 4-year-old h a ~ d ~ ~ ~ d  coppice regrowth are given i n  Table 2. 

both years, substantial depletions o f  both total cations and total 

I n  



, 

Table I .  Annual (June 19$3-#ay 1984) water and ion data for Coneeta Watershed 4w Cor 
a 4-year-old hardwood coppice stand 

S a p 1  i ng H20 H Q P l g K  Na NH4 E+ Hco3 so4 No3 c1 $04 c- 
location (an) Concentrations in  peq 1-j and annual fluxes (eq ha-I yf2ar-l) 

Precipitation 221.0 25.77 10.28 4.36 3.45 4.31 8.21 56.38 0.93 33.29 14.B 6.32 0 . S  60.70 

[570) (227) (96) (76) (95) (181) (1245) (20) (846) (316) (140) (20) (1342) 

Soi 1 solution 
at 100 m 100.7 1.09 10.13 26.07 7.67 13.48 0.21 58.65 19.18 19.36 0.93 9.53 0.M 49.08 

(11)  (102) (263) (77 )  (136) (2) (591) (193) (195) (9) (%) (8) (494) 



Table 2. Comparison o f  annual waiter and total ion Fluxes 
f a r  a coppice stand at ages 3 end 4 years 

Pa rame te r 
----..,- Stand age Annual change 
3 years 4 years Percen t 

Precipitation (cm) 220.7 2 2 i  .O <1 

Estimated drainage a t  100 csn (cm) 186.4 180.7 -5 

Precipitation cations 1080 1245 +I5 

Precipitation anions 1254 1342 +7 

Sojl solution cations 714 591 -1 a 

Soil solution anions 661 494 -2 5 

anions occur in the soil grafile, Annual precipitation for the 2 years 

was nearly identical, drainage was about 5 percent  greater in t h e  

second year, fluxes o f  precipitation cations and anions were 7 to 15 

percent less i n  the second year. These trends in nutrient losses are 

primarily due to high rates o f  net primary production in incorporation 

o f  nutrients in woody biomass. 
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In the course of this project wc were able to complete chemical 

analysis of soil solution samples collected from November 1982 to 

3 in the Bouglas-fir [Pssudoksuga 1 rb. ) Franc01 

and Red A l d e r  (Alraus rubra Bong.) ecosystems at Pack Forest, 

Washington. 

valuer, for these solutions and the annual nutr"relat flux through both 

soils can be found in Tahlles 3 and 4 ,  Tables 1 and 2 provide 

comparable information on precipitation and throughfall solutions 

collected over the same period o f  ti e,  The weighted average 

concentrations of most anions and cations in the incoming rainwater 

solution (Table I )  are simflar to those reported earlier: only 

alkalinity and NH4 measuremmts are higher, the latter causing an 

increase n the estimate annual atmospheric NH4-N deposition to 

7.7 kg N- ha yr , which represents up to 85 of total N input 

(9 kg ha yr ) respectively, which closely approximates the 

estimates given in previous reports. 

annual influx o f  the other anions and cations investigated. 

A sumard of the we1 e ion concentration and pH 

+ 

-1 -1 

- -1 

The same is true for the total 

Interaction between the incoming rainwater and the forest c a m p  

causes changes in solution chemistry (Table 1) whlch can be su 

as fo11ow5: 

(1) 
+ an enrichment in exchangeable bases -- primarily K 

2c lesser extent g and Ca2+ -- most pronounced in alder 

throughfall 

an increase in SO4 

coniferous forest 

a noticeable drop in solution pH which amounts to nearly 0.5 o f  a 

pH unit in the Douglas-fir ecosystem 

and to a 

2- 
( 2 )  concentratlan which is greatest i n  the 

( 3 )  



Table 1. Average pM, conductivity and ion concentration of the precipitation and throughfall solution sanples 
from Dwglas-fir and red alder ecosystems frm November 1982 through October 1983 

- 
- Anion Total Conductivity 

C1- 
Total 
Posit. A l k a  NO3 PO4 - so42- pH H4 MI4' Ne' K+ Ca2+ ng2+ 

- I  
d l 0 6  CD 

0,031 

. . . . . . . . . . . . . . . . . . . . . . . . .  m e q l l - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Precipitation 5.05 0.009 0,049 0.037 0.011 0.016 0,009 0.132 0.062 0.009 0.003 0.043 0.052 6.168 

Alder  4 . 8 5  0.014 0.001 0.034 0 .072  0.022 0,042 0 . 1 9 0  0.026 0.001 0.005 0 .059  0.071 0.159 5.032 
Through fa I 1 

0.072 Douglas-fir 4.62 0 .024  0.003 0.039 0.051 0.043 0.024 0.185 0.012 0.001 0.005 0.075 0.071 0.164 
Tllrouglif a l l  

84-206--2 

Table 2. Annuill water flux area a 12month period November 1962 through October 1983 and annual ion flux in 
the precipitation and throughfall solution for Douglas-fir and red alder ecosystems 

T O L a l  
H+ N H ~ +  Ha+ K+ Ca Hg P o s i t .  A l k a  NO, - Po4- so;- c1- Anion 

2 +  T o t a l  
2* 

H2O 

Doug1 s s -F ir  
Throughfall 5 4  131 19 2 1 2  2 7 7  2 3 1  131 999 385 5 28 407 b2 886 
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(41 an almost t o t a l  ~ ~ ~ a ~ ~ e a ~ ~ ~ ~ ~  of inorganic N ( N H ~  and NO; 

the percolating solution 

a decline in alkal'inity which is most pronounced i n  the 

throughfall samples collected underneath the Douglas-fir canopy 

an increase in C 1 '  concentration. 

( 5 )  

( 6 )  

Two mechanisms are thought to be Involved, especially in view o f  

the fact that the type of vegetative cover (i.e.* deciduous vs 

coniferous) seems to influence the nature and the extent of chemical 

changes observed. 

(I) The oxidation and dissolution o f  dry S deposition and subsequent 

dissociation o f  the H2SQ4 formed into H" and SO4 ions. This  

filtering action o f  S particles by forest canopies has been shown 

to be more effictent in conifer canopies compared to deciduous 

forests (Mayer and U f r i c h  1980). Such difference in filtering 

efficiency thus explains the greater SO4 enrichment and 

stronger acidification observed in the throughfall solution 

collected under Douglas-fir (Table 1) In comparlson to the one 

under Red Alder. The actual (observed) rise in H+ concentration, 

however, is less than what could be expected from t he  increase in 

30;- concentration, indicating that part of the H" laad released 

during dissociation of  HZS04 i s  subsequently neutralized. 

further analysis of the alkalinity data (Table I ) ,  notably the 

decline in HC0; in throughfall vs precipitation solution 

suggested that the HC0;- H2C03 equilibrium may be the buffer 

mechanism involved. The remainder of the decrease in alkalinity 

measurements can then largely be explained as a simple pH effect 

(Sturn and Morgan 1982). 

2- 

2- 

A 
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(2) Leaf surface exchange reactions leading to the? displacement. of  

cations (especially K') from the exchange s i t e s  in the foliar 

free space by incoming djsplacing a ents such as H+ and NH-& 

Phis process s e t  s to be mort pronsennce in deciduous vegetation 

types and was s h v ~  to exhibit seasonal fluctuations, which the 

strongest K" release during the period of leaf senescence 

(Cronan and Reinera 7983). Our data set is for the 

consistent with the findings from the above-mentioned study 

(difference deciduous vs conifers, seasonality, washout a f  C t - )  

with the exception of  NO, by both canopy types, the cause of 

which is not i ediately clear.. 

The chemical composition of the soil solution sam 

from 18 and 50 cm in both forest types (Table 3) is also quite 

comparable to the observations from the previous collection year (see 

first annual report). 

In both soil types a si nificant rise in solution pW can be 

observed between 10 and 50 crn so41 depth, accompanied by a 5- to an 

almost 100-fold increase in alkalinity measurements (Table 3) and an 
2+ 2+ acceleration of maSnly Ca and Mg leaching (Table 3 and 4). 

This accelerated nutrient flux is once again more pronounced I n  the 

N-saturated (Red Alder) site (Table 4) whjch is further characterized 

by the intensive production and leaching of NO; (Table 3 ) ,  raising 

NO, (Table 3 ) .  raising NO; levels Far above EPA standards for drinking 

water and transporting nearly 150 kg of M to t h e  groundwater in one 

year. 

intensive nitrification is not limited to the zone  bet^^^^ 0 and 10 c 

A major difference from previous collection year is that 



sol1 depth, but is also occurring deeper into the profile. As a result 

o f  the nitrificatjon process, a total amount o f  10 keq H' 

released annually into solution exceeding atmospheric H+ Inputs  by a 

factor of 100. Expressed alternatively: this natural process has the 

same acidifying potential as 120 crn of annual rainfall with an average 

pH of 3 . 1 !  

process under Red Alder, no protons are observed leaching below 50 crn 

soil depth. 

Mg2+ carbonates is the main H+ consuming mechanism involved. 

In spite of the magnitude of this natural Hf generation 

It is still believed that weathering o f  Ca2' and/or 

Our soil leachate studies further show that both soils are 

saturated wlth respect to S, as SO:- S leaching outputs 

significantly exceed annual inputs to the site from the atmosphere, 

even if actual deposition rates are doubled to account for dry 

deposition. 

SQ4 

soil , whereas a net release o f  SO4 

It would further appear from the leachate data that some 
2- retention is taking place between 10 and 5Q cm in the N-rich 

7 2- seems to be occurring in the 

ouglas-fir soil. A more detailed study o f  the S transformation 

processes, the S cycle and I t s  linkages to the N cycle will be 

necessary to further elucidate the rnechanism(s) responsible for 

observed changes in solutSon chemistry. 
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The paired contro and treatment watersheds be ing  used i n  th i s  

study a r e  locimted on the east side of Chesuncook Lake, about 72  km west 

o f  Will4nocket, alne .  The area I s  forested predominantly by 

even-aged, spruce-fir  stands t h a t  developed a f t e r  the massive spruce 

budworm epidemic o f  1919-20, 

Data col lect ion on the 72-ha control watershed and 47-ha treatment 

watershed began i n  summer, 1879. Right-of-way clear ing f o r  the main 

haul road on the treatment watershed was completed i n  J u l y  1980, and a 

gravel roadbed was la id  i n  February 1981. The whole-tree harvest began 

June 8, 1981. The mechanical portdon o f  the  harvest was completed 

J u l y  13, a t  w h i c h  time hand crews were brought i n  t o  harvest saw timber 

and f e l l  unmerchantable timber. A l l  harvesting was completed by 

August 1 2 ,  1981. 

Data collected t o  date  a r e  summarized i n  Tables 1 through 4. 

Tables 1 and 2 present concentration data f o r  the control and harvested 

watersheds, respectively,  and Tables 3 and 4 present data on nutrient 

f l u x .  T h e  data f o r  the control watershed a r e  averages f o r  4 water 

years (a  June 1-May 31 water year  i s  used), while data f o r  the 

treatment watershed a r e  averages f o r  the three harvest (1981-82 t h r ~ u g h  

1983-84). 
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PR E 1 I P X TAT I BEEI 

Volume of precipitation i s  sampled a t  a s i t e  15 krn east of the 

study watersheds using a standard rain ga e read at daily intervals. 

Samples for chemical c m t e n t  are obta ined  w i t h  a hulk, polyethylene 

collector located 3n an ~~~~~~~ on the treatment watershed. Samples 

are collected and the sampler changed at about 2-week intervals. 

We compared precipitation chemgstry from our study sites with four 

surrounding Maine NADP sites located a%. Greenville, Bridgeton, Caribous, 

and Acadia. While there i s  considerable scatter among all stations, 

our study site seems representative of the chemical content of 

precipitation in Maine. The comparative data are available on request. 

For the 4 full years ~f study, precipitation has averaged 105 cm. 

The precipitation is acidic, having an average H' of  .0560 neq/l. 

The dominant anion is SO4 

cation next to H+ i s  ~a averaging .OWI meq/l (Table I). 

2- averaging ,0380 meq/l, and the dominant 

THROUGHFALL 

A throughfall study was conducted in the growing season, 1983, 

Eight trough collectors (240 crn 1. x 10 cm w .  x 8 cm d.) were located 

under the canopy on the control watershed and 3 collectors were placed 

in an opening on the treatment watershed. The locations o f  the  

collectors under the canopy were changed after each storm. 

The summer o f  1983 had b e ~ ~ w - ~ ~ ~ ~ a g ~  precipitation, but s 

were obtained from 14 storms, The data indicate that about 30 

precipitation is lost to interceptfon, and that M+ concentration in 

precipitation is reduced by about 24 during passage through the 



24- 4- canopy. Calcium, F9g , K’. Na 

concentrated as precipitation passed through the canopy, while NH4 and 

NO3 were djluted, 

HCO,, SO:-, and C1 were 
1- 

- 

An attempt was made to pick  logical uncorrelated variables f o r  

multiple regression equations of throughfall concentrations (Table 5 ) .  

Independent variables included respective nutrient concentrations In 

the open, days since last rain, and rain amount in mn. In the case ~f 

SO4” H concentration in the open was included as an independent 

variable. The mean o f  the three open samples comprised the nutrSent 

concentration in the open for regression purposes. 

(Table 5) are discouraging and indicate that models for estimating 

throughfall will not be easily obtained. 

2 The low R values 

We have not obtained throughfall data on the harvested watershed. 

Regeneratlon is now between 1 to 2 m in height and throughfall 

measurements are being contemplated for 7985. 

SOIL SOLUTION 

Ceramic cup tension lysimeters are used to sample soil solution at 

monthly intervals. Lysimeters are located at 15, 22.5, 30, 45, and 

60 cm depths at two locations on both the control and treatment 

watersheds. The data for 15, 30, and 60 cm are summarized in Tables 1 

and 2 and Figures 1 and 2. 
4- 

Compared to precipitation, soil solution is less acidic with H 

for the control watershed ranging from -0135 meq/l at 15-cm depth to 

0.8823 meq/l at 60-cm depth. Ca , Mg , NO3 , and SO4 are the 2- 2c 24- I 
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- 
dominant i o n s  a t  t h e  15 and 31) cno depth w i t h  NC03 

impor tant  r o l e  a t  60 cm depth. 

p l a y i n g  an 

2+ I 

I n  response t o  t h e  whole-tree harvest,  NOg and Ca 
2- increased (F igs,  1 and 2) and SO4 

NO3 and SO4 

t he  change i n  Ca2* was p r i m a r i l y  a t  t h e  deepest depth. 

decreased. The changes i n  
2- - 

are  g rea tes t  a t  t h e  shal low soil depths w h i l e  

We a re  p r e s e n t l y  working on a hydro log ic  model t h a t  w i l l  a l l o w  

s imu la t i on  o f  f l u x e s  o f  water and ions i n  soi l  s o l u t i o n .  

STREAWFLOW 

Amount o f  streamflow was est lmated on a d a i l y  bas is  us ing the  

6RO0K hydro log i c  model. To i nsu re  t h a t  BROOK was app l i cab le ,  and t o  

t e s t  i n p u t  parameters, we obtained 5 years o f  data f rom a gaged 

watershed i n  t h e  Province o f  New Brunswick. The t e s t  watershed has 

topography and f o r e s t  cover s i m i l a r  t o  our  study watersheds i n  Maine. 

Wi th adjustment o f  i n p u t  parameters we were a b l e  t o  o b t a i n  good 

reemeaat between simulated and measured f l o w  f o r  t h e  New Brunswick 

watershed. T h i s  gave us conf idence t h a t  t h e  BROOK model i s  

s a t i s f a c t o r y  for s imu la t i ng  streamflow f o r  our  watersheds a t  Chesuncook. 

F o r  t he  c o n t r o l  watershed, est imated annual streamflow averaged 

35.6 cm, o r  34% o f  p r e c i p i t a t i o n .  Ion concentrat ions o f  streams a re  

g e n e r a l l y  s i m i l a r  t o  those found in s o i l  s o l u t i o n  a t  t h e  15-  and 30-cm 

depths (Table 1 ) .  Exceptions a r e  NH4 and D , O . C . ,  which are 

always g r e a t e r  i n  streamflow t h a t  i n  s o i l  s o l u t i o n .  Ca , #g , 

and SOq a re  t h e  dominant ions, b o t h  i n  terms o f  concentrat ions 

+ 
2+ 2+ 

2- 
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(Table 1 )  and flux (Table 3 ) .  To d a t e  t h e  most obvious changes i n  

streamwater concentrations due  t o  harvest has been p e r i o d i c  increases 

i n  

H+ and so4 decreased. 

- - 
( F i g ,  3 ) .  @a and H C Q ~  increased s l i g h t l y  and a 

The simulated streamflow data showed t h a t  s t ~ e a  flow increased by 

an average o f  about 60 over the  3 years since harvest. T h i s  means 

t h a t  even i f  stream concentrations remained unchanged, ion f l u x  i n  

streamflow would be increased by 1 .6  x a f t e r  harvest. The actual 

agnitude o f  the  changes i n  output fluxes cannot be obtained by 

paring values i n  Tables 1 through (I since Tables 1 and 3 (control 

watersheds) a re  f o r  4 water years and Tables 2 and 4 (harvested 

watersheds) a r e  for 3 years. We have worked aut  a procedure f o r  

determining nutrient increases based on a short  cal ibrat ion period when 

both watersheds were u n c u t  (1979-1980 and 1980-1981). Increases i n  

streamflow and ions showing major changes a r e  summarized by year i n  

Table 6 -  

VAL IN HARVEST 

A rotation of BO years was used t o  calculate  the cation removal i n  
-1 -1 harvest as eqeha e y r  (Table 4 ) .  S i l v i c u l t u r a l i s t s  suggest 

t h a t  the rotation age f o r  spruce-fir  i s  h i g h l y  variable and could be 

anywhere between 40 and 100 years. I n  any case, the order of cation 
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Table 6 .  Increases i t s  water y i e l d  and ion f l u x  
Qle-tree harvest 

- 
Year a f t e r  C P  Mg2+ K* 19844 NO3 
harvest 

2 3 0  6 4 8  3 2 9  2 0 5  9 9  133 

3 23 3 2 9  2 1 4  I15 11 4 6  
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S o i l s  a t  t h e  study s i t e  belong t o  t h e  Chesuncook catena and are 

Typic Fragiorthods. For l a t e r  use i n  i n t e r p r e t j n g  the data c o l l e c t e d  

o f  s a i l  chemical 

t h a t  
3+ 

on t h e  study watersheds, we have determined a number 

c h a r a c t e r i s t i c s .  These da ta  a r e  su arized i n  Table 

t h e  base ca t i ons  domlnate i n  t h e  organic ho r i zon  whi 

dominate i n  t h e  upper minera l  hor izons. 

D I S S E M I N A I I O N  OF RESULTS 

7 and show 

e H+ and A 

The f o l l o w i n g  pub l i ca t i ons ,  abs t rac ts ,  and d i s s e r t a t i o n  have 

r e s u l t e d  who l l y  or- i n  p a r t  From funding provided f o r  t h i s  study: 

IN PRESS 

Hornbeck, J .  W., and C. A .  Federer. 1984. Acid r a i n  and the  b u f f e r  

capac i t y  o f  f o r e s t  s o i l s .  IN Quebec Conference on a c i d  r a i n  and 

f o r e s t  resources, Environment Canada, Ottawa. 

SUBMITTED 

Federer, C .  A., and 9. W. Hornbeck. 'The b u f f e r  capac i ty  o f  s o i l s  i n  

New England. Submitted 5/84 t o  WATER, A I R ,  and SOIL  POLLUTION. 



ABSTRACTS 

Smith, C. T . ,  and J. W .  Hornbeck. 1983. Changes I n  soil solution 

chemistry after forest harvest depend on sai l  drainage class. 

Bull. Ecol. Sac. Amer. 64(2):65. 

Hornbeck, J .  bl., and C. A .  Federer. 1984. Acid rain and the buffer 

capacity of f o r e s t  soils In New England. Bull. Ecol .  SOC. Amer. 

65(  2) : 271 -72. 

DISSERTATION 

Smith, Charles Tattersall. 1984. Nutrient removals and soil leaching 

from a whole-tree harvest o f  a red spruce-balsam fir stand i n  

central Maine. University of Maine at Orono. PhD thesis. 214 pp. 
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A C O ~ P A R A ~ I W ~  ~ W ~ ~ U ~ ~ ~ ~ N  UF THE EFFECTS OF A C I D  P R E C I P I T A T I Q N ,  
NATURAL A C I D  PRQDUCTION, AND H A R V E S l I N G  ON 

C A T I O N  R E ~ Q ~ ~ L  FROM FORESTS 

David H.  Van Lear 

Professor  o f  Forestry 
Department o f  F o r e s t r y  

Clemson U n i v e r s i t y  
Clemson, South Caro l ina  29631 

Prepared for  
OAK R I D G E  NATIONAL LABORATORY 

under 
Cont rac t  NQ. 19X -222584 



INTNOOUCl IO# 

This report outlines the nccorfip; ishmmts for the  Cliemscpn 

University p o r t i o n  o f  the Oak Ridge National Labordtory-funded study 

comparing effects o f  natural and anthropogenic factors on cation 

removal from forests. Acidification from atmospheric deposition and 

internally generated acids may accelerate leaching o f  calcium, 

magnesium, potassium, and s ~ d i u m ,  thereby reducing s o i l  fertility. 

l h i s  study was initiated n June I982 w i t h  the objective of quantifying 

losses o f  cations from d oblolly p i n e  forest ecosystem due to leaching 

by acid rain, natural leaching by organic acids, and removal by 

harvesting. Ihe study focuses on a near-maturity loblolly pine 

plantation and two  recently clearcut loblolly pine watersheds in the 

Piedmont o f  South Carolina. 

The impact of harvesting methods (conventional or whole-tree) i s  

shown in lable 1 .  Magnesium drain in harvest i s  included in t h i s  

report. 

lables 2 - 7  show concentrations and fluxes o f  nutrients in 

precipitation, throughfall, soil solution, and stormflaw. 
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Table 1 .  Cation removal I n  conventional 
and whole-tree harvest. Cation 
removal i n  harvest (eq ha- ly r - l ) :  

(Removal in biomass, eq ha-l)  
+ (Rotation age, y r s ) .  

Nutrient concentrations 

Ca Mg K 

Convent i ona 1 85 54 22 

Who1 e-tree 163 72 42 
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Table 5. Annual fluxes o f  nutrients in hydrologic components on ~ ~ ~ e ~ ~ ~ e ~  63 

Watershed 63 

Annual f 1 uxef 

CI POq 
exa 
b, 

H Ca Mg K -1 -1 Na flH4 HCO3 so4 NO3 
eq ha yr 

H2° 
CM 

P r e c i p i t a t i o n  132 538 135 85 63 178 222 188 768 61 191) 28 

66 - Throughfall 117 57 6 332 190 394 212 386 271 1148 97 

1 - Soi l  S o l u t i o n  40 6 68 77 22 66 1 45 45 1 

1 - S tolrnf 1 ow 5 94 47 70 75 48 2 10 205 1 
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A COMPARATIVE ~ ~ A ~ ~ ~ . ~ ~ O ~  OF THE EFFECTS OF ACID PRECIPITATION, 
WATUWAL ACID P HARVESTING ON 

cr^anmi 

Oa?e M. Johnson 

Environmental Sciences D i v i s i o n  
Oak Ridge Hationall Laboratory 

Oak Ridge, Tennessee 378131 

Prepared for t h e  
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge,  Tennessee 37831 
operated by 

MARTIN MARIETTA ENERGY SYSTEMS, IMC, 
f o r  t h e  

under Contract No. DE-AC05-84OR21400 
EHT OF ENERGY 



The overall goal of this project 1 5  to evaluate the combined 

effects o f  acid deposition, natural leaching processes, and intensive 

harvesting on cation removal from Forests. This project was initiated 

in F Y  1982 when EPA provided support for the determination of 

atmospheric inputs and analysis of certain elements (e-g., SO4 

etc.) which facilitate the construction of budgets to estimate the 

relationship o f  acid deposltian-caused nutrient losses to losses by 

whole-tree harvesting and natural leaching processes. These budgets 

- 2- 
61 , 

are used to estimate the extent to which acid deposition is depleting 

soil nutrjents at selected sites and the potential significance of this 

depleted based on nutrient uptake by vegetation and nutrient pools in 

soils. This report describes second-year results from four sites at 

Oak Ridge, Tennessee: chestnut oak and yellow-poplar sites on Walker 

Branch Watershed not actually harvested but subject to intensive 

studies of soil leaching and chestnut oak and loblolly pine sites near 

Walker Branch that were actually harvested but subject to less intense 

leaching process-level studies. 

HETHQDS 

Methods were outlined previously and thus are only briefly 

reviewed here. At the Walker Branch sites, EPRI funding called for 

bulk precipitation, and throughfall collectibns with plastic funnels 

fitted to bottles and soil solutions are collected at 4 depths (02, AI, 

A 2 ,  and 82 horizons) by means o f  tension lysimeters at a chestnut oak 

(Fullerton) and yellow poplar (Tarklin) site. To estimate cation 



e x p o r t  i n  harves t ing ,  EPA funding con t r i bu ted  t i m e  f o r  synthesis of 

data on Ca, Pig, and  K c o n t e n t  o f  vegeta t ion  f rom biomass o f  nearby 

permanent i nven to ry  p l o t s  and n u t r i e n t  concentrat ions o f  biomass 

components f r o m  Johnson e t  a l .  (1982) and Henderson (unpubl. da ta ) .  I t  

was assumed t h a t  40% OS bo le  biomass would be removed in bole-only 

harvest,  and 95% o f  aboveground biomass would be removed i n  whole-tree 

harvest ing,  as was t h e  ease i n  t h e  nearby harvested s i t e  (Johnson e t  

a l .  1982).  Rota t ion  age was assumed t o  be 58 years. 
2+ - f 

A t  t h e  chestnut oak harves t  s i t e ,  Mg * C1 * and Wa 

analyses were added t o  water c o l l e c t i o n s  under t h e  e x i s t i n g  DOE p r o j e c t  

beginning i n  A r i l  1982 t o  complete cat ion-anion balance and vegeta t ion  

samples were analyzed f o r  Wg 

data. Bulk p r e c i p i t a t i o n  and t h r o u g h f a l l  were c o l l e c t e d  a t  Walker 

Branch, b u t  s o i l  s o l u t i o n  was c o l l e c t e d  by tube l ys ime te rs  placed t o  

50-cm depths a t  var ious  p o i n t s  i n  t h e  watershed. 

29- t o  add t o  e x i s t i n g  Ca2+ and K+ 

A t  t he  l o b l o l l y  s i t e ,  procedures were t h e  same as f o r  t h e  chestnut 

oak harves t  s i t e  except t h a t  d u p l i c a t e  p l o t s  i n  each o f  3 t reatment 

areas were s e t  up w i t h  t r i p l i c a t e  t h r o u g h f a l l  and tube l y s i m e t e r  

c o l l e c t o r s  pe r  p l o t .  Biomass est imated by t h e  Clemson regressions, 

which were checked o u t  by d e s t r u c t i v e l y  sampling 5 th rees  i n  June 1983, 

and ana lys i s  o f  t r e e  t i s s u e s  by t h e  A n a l y t i c a l  Chemistry D i v i s i o n  a t  

ORNL provided n u t r i e n t  content,  

I n  May o f  1983, t h e  whole-tree harves t  s i t e  was logged f o r  

merchantable t imber  ( t o  a 7.6-cm diameter t o p ) .  P r i o r  t o  t h i s ,  

sampling equipment was removed t o  avo id  being damaged. I n  September, 

t h e  s i t e  was KG-bladed, raked, and disked. Slash was p i l e d  and burned. 
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The s i t e  was rep lanted i n  March 7984 a f t e r  which l ys ime te rs  were 

r e - i n s t a l l e d  i n  prev ious l o c a t i o n s .  

RESULTS AND DISCUSSION 

Despite t h e  i n p u t s  o f  a c i d  r a i n  and i n t e r v a l  generat ion o f  

carbonic a c i d  (Richte 

s i t e  on Walker Branch 
2+ 4- i n p u t )  o f  Ca , o r  K 

Table I ) .  O f  t h e  c a t  

e t  a l .  1 9 8 3 ) ,  t he  chestnut oak i n t e n s i v e  study 

had v i r t u a l l i y  no n e t  expor t  ( i . e . $  o u t p u t  minus 

v i a  leaching (Johnson and R ich te r ,  i n  press; 

ons considered here, o n l y  Mg and Na show 2+ + 

s u b s t a n t i a l  n e t  exports.  I n  c o n t r a s t  t o  the  chestnut  oak s i t e ,  the 

yel low-poplar i n t e n s i v e  study s i t e  had a s u b s t a n t i a l  net  expor t  o f  a l l  

f o u r  major ca t i ons  v i a  leaching (Table 2 ) .  The d i f f e r e n c e s  i n  t o t a l  

c a t i o n  leaching ra tes  between these two s i t e s  a re  due t o  d i f f e r e n c e s  i n  

s u l f a t e  adso rp t i on  p r o p e r t i e s  [caused by d i f f e r e n c e s  i n  amorphous Fe- 

and Al-oxide content  ( R i c h t e r  e t  a7. 1983, Johnson e t  a l .  1981) and 

d i f f e r e n c e s  i n  percent base s a t u r a t i o n  ( F u l l e r t o n  B ho r i zon  had a 

10% BS whereas Tark’ l in 8 hor i zon  had 43% SS)]. 

reasons f o r  t h e  l a r g e  Na f l u x  a re  n o t  c l e a r .  S u l f a t e  concentrat ions 

As repor ted p rev ious l y ,  
+ 

have been s t e a d i l y  i nc reas ing  i n  t h e  Walker Branch chestnut oak s i t e  

(F ig .  I ) ,  and SO!- now accounts f o r  85% o f  t o t a l  anions a t  t h i s  

s i t e .  

s i t e ,  t h e  remainder being a t t r i b u t a b l e  t o  HCO; and C l - ,  

r e s p e c t i v e l y .  Thus, i t  appears t h a t  leaching a t  both s i t e s  i s  

dominated by atmospheric H2S04 i n p u t  and t h a t  SO4 

breakthrough may have occurred i n  t h e  chestnut oak s i t e .  

S u l f a t e  accounts f o r  76% of t o t a l  anions a t  t h e  yel low-poplar 

2- 

Harvest ing would a l t e r  t h e  c a t i o n  budgets o f  these s i t e s  q u i t e  

considerably .  Both sawlog (SH) and whole-tree (WTH) ha rves t i ng  would 
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cause a considerable n e t  expor t  o f  Ca2+ f rom t h e  chestnut oak s i t e  

(Table 1). 

yel low-poplar s i t e  (Table 21, and t h e  increases i n  Ca' expor t  by 

ha rves t i ng  ( r e l a t i v e  t o  leaching)  a r e  much smal ler  than t h e  chestnut 

oak s i t e . .  

much less than f o r  Ca 

Tables 7 and 2 ) .  

Both SM and MTH cause s l i g h t l y  less Ca2+ expor t  from t h e  

The e f f e c t  o f  harves t i ng  on t h e  n e t  expor t  o f  Hg2* was 
24- (on both a t o t a l  weight  and equ iva len t  basis,  

The e f f e c t  o f  ha rves t i ng  on n e t  K+ expor t  i s  

pronounced a t  both s i t e s  ( increases by 60-150% f o r  SH and 340-600% f o r  

WTH, Table 5) ,  b u t  due t o  i t s  h i g h  equ iva len t  weight (39.1 f o r  K+ vs 
2+ 20 f o r  Ca2+ and 12.2 f o r  Mg 

-1 -7  keq ha y r  basis.  

) ,  t o t a l  expor t  o f  K+ i s  smal l  on 

The chestnut  oak and ' l o b l o l l y  p i n e  harvested s i t e s ,  which a r e  near 

one another on t h e  same r idge,  p rov ide  i n t e r e s t i n g  con t ras ts  t o  one 

another. Bulk p r e c i p i t a t i o n  i n p u t s  and SO4 leaching r a t e s  a t  t he  

two s i t e s  a r e  roughly  s i m i l a r  i n  magnitude (SO4 accounts f o r  66% 

and 82% o f  t o t a l  leaching a t  t h e  l o b l o l l y  p ine  and chestnut oak s i t e s ,  

r e s p e c t i v e l y ) ,  b u t  i n t e r n a l  HCO; product ion and Ca2+ leaching a t  

t he  l o b l o l l y  p i n e  c o n t r o l  p l o t  was t w i c e  t h a t  a t  t h e  chestnut oak 

c o n t r o l  p l o t  (Tables Is and 4) .  

Ca2+ i n  subso i l s  o f  t h e  l o b l o l l y  s i t e  (Table 9).  

i n  t h e  chestnut  oak s i t e  was g r e a t  and f u r t h e r  checking w i l l  be 

necessary t o  determine t h e  s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e s  i n  

2+ 2+ exchangeable Ca - I n  any event, so i l  exchangeable Ca 

d i f f e r e n c e s  a r e  c o n s i s t e n t  w i t h  very d i f f e r e n t  amounts o f  Ca i n  biomass 

(1200 kg ha-' i n  chestnut oak vs 160 kg ha-' i n  l o b l o l l y  p ine )  as 

r e f l e c t e d  by Ca removal v i a  harvest  (Tables 3 and 4 ) .  

2- 

2- 

This may be due t o  h ighe r  exchangeable 

However, v a r i a b i f i t y  

I n  shor t ,  
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vegetation uptake m y  have redire-ed bare saturation in t h e  chestnut oak 

site, thereby reducin s o i l  solution pH and carbonic a c i d  leaching. 

~ ~ i u s ,  acid deposition has a greater e f f e c t  than harvesting o f  ca2* 

export in the loblolly p i n e  s i t e  (Table 3 )  whereas t h e  reverse is t r i i e  

at the chestnut oak s i t e  (Table 4 ) .  

Magnesium, an the  a the r  hand, leaches a t  a greater rate f r o  

chestnut site t h a n  t h e  loblolly pine site (Tables 3 and 4 ) .  This may 

be in part due to higher subso'll exchangeable Mg2' in the chestnut 

oak site (Table 91, but it may also be due  to the lower leaching rate 

o f  Ca2+ at the chestnut oak site. That  i s ,  since both s i t e s  are 

basically under the same SO:- leaching pressure (Tables 3 and 4 )  

tatall cation leaching rates must, be s-imilar, and t h u s  differences in 

Ca2' leaching must be reflected in reverse patterns in the leaching 

if one or more of t h e  other c a t i o n s .  There were slightly greater 

leaching rates o f  k' .in the chestnut oak s i t e ,  but this was doe t o  

differences in estimated water f l u x  (Tables 3 and 4 )  s ince  s o i l  

solution Kf concentratians were virtually identical (Tables 9 and 8). 

CONCLUSIONS 

Sulfate was the m a j o r  anion in soil solution i n  a71 cases ,  

accounting f o r  over 50 of total cations or anions in all cases 

(Tables 5-8). Nitrate was o f  minor  importance i n  soil solution, even 

a f t e r  harvesting in the chestnut oak site. 'rhus, the internal 

acidification processes in these sites are d ~ ~ ~ n a t e d  by carbonic acid 

formation (as manifested by n e t  HC03 production) and t r ee  uptake, the 

latter being in turn manifested by base c a t i o n  removal in wh~le-tree 

harvesting). Harvesting has its greatest effect in the  deciduaius 



9 7 



.I. 

V
I 
c
 

w
 .? f 

IPI 
V

I 
c
 
0
 

i?
 

Ea *z 
3
 

N
 

I
 

z
 

F
f

 
.s 2

 



Table 7. Weighted average annual concentrations at the loblolly pine site, May 1981-#ay 1 

A. Auerage annual fluxes (meq/l) i n  solution 

Precipitation 0.053 .024 .#4 .002 .003 0.004 .090 0 
(4.3) 

.061 -007 .W .OOO2 .OT8 1-15 21.3/25.1 

Throughfall .044 .076 .023 ,038 .004 .012 .137 .024 .112 .023 .021 .0805 .I85 0.94 33.9t38.8 

(4.3) 

Soil solution .004 .217 .063 .025 -023 .0024 .335 ,094 .259 .0007 .ON .OOO1 .394 0.85 43.5/48.8 
(6.4) 

~~ ~ 

kspeci f i  c conductance/cal culated conductance 
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fo res ts ,  where XSC (desp i te  s h o r t e r  ro tat ions; )  Bshich i n  t u r n  may have 

l e d  t o  g rea te r  i n t e r n a l  H C O ~  p roduc t ion  ( d u e  t o  higher %BS, s o i l  

s o l u t i o n  p ~ ,  and thus H C O ~  concent ra t ions) ,  

however, atmospheric H and SO:-- i npu ts  exceed n e t  HCO, 

product ion,  as i s  the case i n  t h e  deciduous f o r e s t s .  

~ v e i i  i n  t h i s  case, 
3 

Overa l l ,  i t  seems c lear  t h a t  atmospheric i npu ts  dominate s o i l  

leach ing  a t  a l l  four s ' r t es  and t h a t  s u l f a t e  adsorp t ion  i s  no l onge r  a 

s i g n i f i c a n t  rn i t iga%ing in f l uence  upon t h i s .  Fullerton s o i l s  (which 

cha rac te r i ze  a l l  b u t  t h e  alket- Brdrrch yel low-poplar s i t e )  a re  known t o  

process s u l f a t e  adsorp t ion  p roper t i es ,  and thus f u r t h e r  research on 

this  i s  needed, 

Harvest ing e f f e c t s  equal ob" exceed l each ing  !n a l l  b u t  t h e  l o b l o l l y  

p ine  s i t e  where t h e r e  i s  some evidence t h a t  lower t r e e  ca2+ and H C O ~  

leaching. f u r t h e r  aspects of t h i s  w i l l  be pslrsued i n  t h e  f i n a l  year o f  

t h i s  p r o j e c t .  
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