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ABSTRACT. The l i terature on soil C change with forest harvesting, 
cultivation, site preparat ion,  burning,  fertilization, N fixation, and 
species change  is reviewed. No general  t rend toward lower soil C with 
forest harvest ing was apparent ,  unless  harvest ing is followed by 
in tense  burn ing  or cultivation. Most s tudies show no significant change 
(_+_ 10%) with harvest ing only, a few studies show large net  losses, and 
a few s tudies  show a net  gain following harvesting. Cultivation, on the 
other  hand,  resul ts  in a large (up to 50%) loss in soil C in most  (but 
not  all) cases. Low-intensity rescribed fire usual ly  resul ts  in little 
change in soil C, but  intense presribed fire or wildfire can resul t  in a 
large loss of soil C. Species change can have ei ther no effect or large 
effects on soil C, depending primarily upon  rooting pat terns .  
Fertilization and (especially) ni trogen fixation cause  increases  in soil C 
in the majori ty of cases, and represent  an opportuni ty  for sequester ing 
soil C and  causing long-term improvements  in site fertility. 

1. Introduction 

Forest  soil scientists  have,unti l  very recently, paid little a t tent ion to 
soil C relative to other nutr ients ,  even though the role of soil organic 
ma t t e r  in soil fertility (cation exchange capacity, s t ructure ,  bulk  
density,  N, P, S, and water  status) is well recognized ( Jurgensen  et al 
1989). Evaluat ions of the effects of harvesting, burning,  and site 
prepara t ion  on forest productivity have concent ra ted  upon  nu t r i en t  
losses and gains with m u c h  less a t tent ion given to soil organic mat te r  
(e.g., Marion, 1979; Boyle et al 1973; J o h n s o n  et al 1982, 1988b). 
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With the recent  concerns  over increases  in a tmospher ic  C02 levels 
and global warming, forest soil scientists  have an addit ional reason  to 
consider  changes  in soil C as affected by managemen t  practices.  

Even a cursory  review of publ ished global C budge t s  reveals tha t  
soils could be ei ther a major  source or s ink for C. For example, the 
global C budge t  in Figure 1 indicates tha t  net  annua l  release of C as C02 
from fossil fuel combus t ion  is 5.3 x 1015 g yr-1, whereas  detrital 
inputs  to the soil are es t imated at  abou t  60 x 1015 g yr -1 and 
decomposi t ion  at 50 to 60 x 1015 g yr -1 (Harrington, 1977; Post  et al 
1990). Clearly, a slight imbalance  (10%) be tween  detrital p roduct ion  
and decomposi t ion  could either equal  (if negative) or offset (if 
positive) the fossil fuel contr ibution.  There is no a priori reason  to 
su spec t  tha t  litter and soil organic mat ter  are in a s teady-s ta te  
condit ion or even within 10% of such  a condition at present ,  
especially in view of the large changes in land use  pa t t e rns  tha t  
cont inue to occur  at  a global scale. 

A recent  analysis  by Tans et al (1990) sugges ts  tha t  the terrestrial  
ecosys tems  of the Northern Hemisphere  are absorb ing  2 to 3.4 x 1015 
g yr-1 of C. This a m o u n t  of C is not  otherwise accounted  for, and could 
easily be seques te red  within either vegetat ion or soils. Thus,  it is 
impor tan t  to gain a bet ter  unders t and ing  as to whether  soils are a net  
source  or a net  s ink of C, and, if possible make  some est imate  as to the 
magni tude  of the imbalance  between inputs  and ou tpu t s  of C to the 
soil. While calculat ions of the latter have been made  (e.g., Mann, 1986; 
Schlesinger  1990), little is known abou t  the error b o u n d s  su r round ing  
such  est imates;  uncer ta in t ies  may  well be so large as to make  even the 
overall direction of change quest ionable.  

There have been  several papers  suggest ing tha t  aboveground 
b iomass  in forest ecosys tems  has  been  either a significant s ink 
(Delcourt and Harris,  1980) or source  (Houghton et al 1983; Harmon  
et al 1990) of C. Much less information is available on changes  in C 
conten t  of forest  soils, and the existing l i terature is contradictory.  
Delcourt  and Harris  (1980) a s s u m e d  that  clearing and cultivation 
caused  a 40% reduct ion in soil C in the sou theas t e rn  U.S. In their 
global C model, Houghton  et al (1983) a s s u m e  35, 50, and 15% losses 
of litter and soil C after forest  clearing in tropical, temperate ,  and 
boreal  forests,  respectively, and a fur ther  delayed loss to 50% of 
original C content  with cultivation. In a later paper  on the C balance of 
Latin American forests, Houghton  et al (1991) a s s u m e d  tha t  cultivation 
resul ted  in a 25% loss of soil C, whereas  "Logging was  a s s u m e d  not  to 
change the storage of organic carbon in soil." (p. 183). Based upon  a 
review of the l i terature  on tropical forest  clearing, Detwiler (1986) 
concluded that  clearing and burning alone do not  cause  a loss of soil C, 
and in some cases,  may  cause  a gain. He notes  tha t  while clearing 
followed by  cultivation or pas tur ing  cause  losses of soil C, "... the 
decrease  in soil carbon is a resul t  of the soil's use,  not  its clearing" (p. 
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75). In the absence of hard  information on changes  in soil C following 
harvest ing,  Harmon  et al (1990) apparent ly  took a conservative 
approach  by assuming  no change; however, they indicate tha t  this 
a s sumpt ion  is likely false and that,  "soil organic mat te r  ... will most  
likely decrease  unde r  intensive management" .  Schlesinger  (1990) 
analyzed chronosequence  s tudies  for soil C accumula t ion  rate, and  
concluded that,  on a worldwide basis, only approximately 0.4 x 1015 g 
C yr -1, or 2.4 g m-2yr -1 is stored. Musse lman  and Fox (1991) quote 
es t imates  of 52.5 x 1015 g of C stored in U.S. forests, with 59% of this 
(31 x 1015 g) stored in the soil. After account ing  for long-term storage 
of harves ted  wood, they  est imate C lost to the a tmosphere  from trees 
to be 6.7 x 1015 g of C. For soils, they a s sume  a 25 to 50% loss of C 
after harvest ,  which converts to 8 to 15 x 1015 g of soil C. 

The objective of this paper  is to review the l i terature on forest 
m a n a g e m e n t  with special a t tent ion to effects on soil C. It was a s sumed  
that ,  in addition to those few papers  which actual ly highlight soil C 
changes,  a great  deal of information on soil C change with 
m a n a g e m e n t  was contained within publications and reports  tha t  
focused on other  nutr ients .  With the ass is tance of the Internat ional  
Energy  Agency's lEA T6/A6 project ("Impacts of Forest  Harvest ing on 
Long-term Site Productivity", W.J. Dyck, Project Leader) let ters were 
sent  to foresters,  soil scientists  and ecologists t h roughou t  the world 
asking for such  information. Over 100 reprints  were received, most  of 
which  are summar ized  in this document .  The repr ints  were divided 
into seven categories for the purpose  of this report: 1) Harvesting, 2) 
Cultivation 3) Site Preparation, 4) Burning, 5) 
Species Conversion, 6) Reforestation and Succession,  and  7) 
Fertil ization (including N-fixation). 

2. M e t h o d s  and Materials  

Several significant difficulties and uncer ta in t ies  were encoun te red  
while trying to synthesize the l i terature on forest m a n a g e m e n t  and soil 
C. The quest ion of how to report  the data  arose immediately: the use of 
absolute  values of soil C would tend to minimize the impor tance  of 
changes  in soils with inherent ly  low C whereas  the changes  in soils 
with large soil C would be emphasized.  Changes in soils with low C may  
be of less importance to global C budgets  t han  changes  in soils with 
high C, bu t  low C soils are of equal if not  greater  interest  in te rms of 
changes  in site fertility. Converting the resul ts  to percentages  resul ts  
in the opposite effect, i.e., emphasizing the resul ts  in low C soils, 
perhaps  unduly ,  in view of their significance to global C budgets .  
However, the advantages  of convert ing percentages  were deemed to 
outweigh the disadvantages;  also, m u c h  of the l i terature on global C 



86 DALE W. JOHNSON 

deals with changes  in soil C on a percentage basis (e.g., Houghton et al 
1983; Mann 1986; Musse lman  and Fox 1991). 

One of the most  serious problems encoun te red  in summar iz ing  
the l i terature  was  the differences in sampling protocols, both  in space 
and  time. For example, how does one legitimately compare  percent  
changes  in C in the top 2 to 5 cm of soil reported by some au thors  
(e.g., Ellis and  Graley 1983) with percent  changes  in the top mete r  of 
soil reported by other  au thors  (e.g., J o h n s o n  et al 1991)? In order  to 
t ry  to s tandardize  the depth  effect somewhat ,  the percentage  changes  
for the entire soil profile sampled were calculated w h e n  not  reported.  

I Atmosphere 748 
/ " I (Annual Increase =3" 9) 

/ Respiration ~ J 
Fossil / 40-60 ~ Photosynthesis 
Fuels / _ _ _  ~ ~  i00-120 

5.3/ ~ s  and Terrestrial 
/ Biota 500-800 IUncerta: 

J I 

Uncertainty in the 
net terrestrial 
balance +30 to -20? Detrit~/L____________ - 

~6~ Dec~176 
Soil and ~ 

100-115 

100-115 

Oceans 

i000 

Figure 1. The global C balance. Units are in 1015 g y-1. Adapted from 
Harr ington 1987 and Post et al 1991. 

Where available, da ta  on bulk densi ty  and percent  gravel were used for 
these  calculations,  bu t  if these data  were not  available, a total profile 
soil C concentra t ion value was calculated by depth weighting, i.e., total 
profile C = E(%C x depth) /  Ydepth. This procedure  biases the values 
toward surface horizons, which generally have lower bulk  densit ies 
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and  would therefore be given a lower weighting if bulk  densi ty  da ta  
were available for the calculations.  Additional sources  of bias and error 
include differences in total soil sampling depth  and unrecorded  
changes  in bulk  densi ty  (Detwiler 1986). 

The intensi ty  of sampling varied considerably among  these  
studies;  the intensi ty of sampling in the Hubbard  Brook s tudies  
reported by J o h n s o n  et al (1991) was sufficient to detect  statist ical  
significance in a mere  8% change in soil C, whereas  in o ther  cases, 
differences of 20 to 50% were not  statistically significant (e.g., 
Edmonds  and McColl 1989; Mattson and Swank 1989). All changes  
tha t  could be calculated are reported here, along with statist ical  
significance or lack of it, in an  a t tempt  to detect  overall pa t te rns  
across sites. The alternative - to a s sume  tha t  no changes  in soil C 
occurred  - was  deemed to be potentially more misleading than  
report ing actual  changes,  in tha t  differences which were significant at 
any  level up to 89% (or more, depending upon  the level of significance 
selected) would be ignored. While the absence of statistical analyses  
normal ly  negates the value of any part icular  study, it was reasoned that  
a collection of data  points showing an overall t rend would provide 
useful  information, even though each data  point in itself may  not be 
part icular ly significant. An appropriate statistical analogy would be a 
regression equation,  where no statistics are normally available for each 
point, bu t  the collection of several points may  show a meaningful  
t rend .  

Finally, m a n y  comparisons are confounded by temporal  
differences. Sampling intervals varied from as short  as 1 mo to as long 
as 83 yr  after t rea tment ,  and several of the long-term and 
ch ronosequence  s tudies  indicated significant temporal  t r ends  in soil C 
(e.g., J e n k i n s o n  1970; Durgin 1980; Gholz and Fisher 1982). At this 
stage, no a t tempt  has  been made to stratify the resul ts  temporally, 
given the pauci ty  of data, bu t  potential and documented  temporal  
variat ions add a significant caveat to the following summar ies .  

3. Resul t s  and Discuss ion  

3.1 HARVESTING 

Several s tudies  reported soil C changes  with harvesting,  ei ther alone 
or in combinat ion with other  t rea tments .  For our purposes  here,  
harves t ing  alone will be considered separate ly  from harvest ing with 
other  t r ea tmen t s  in order to avoid confusion as to wha t  the actual  
effects of harvest ing versus  other t r ea tmen t s  are. This is an  especially 
impor tan t  considerat ion when  harvest ing is followed by cultivation, as 
will be shown later. 
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The resul ts  of th i r teen s tudies  which considered harvest ing alone 
are summar ized  in Table 1. As one would expect, harvest ing alone had  
a significant effect upon  forest floor mass,  causing ei ther increases  or 
decreases ,  depending upon  how m u c h  s lash was left behind.  The 
effects of harvest ing on mineral  soil C varied from site to site, with 
reports  of increases,  decreases ,  or no effects. However, the majori ty of 
the s tudies  reported ei ther  no effects or very small  changes  (<10%; 
Table 1). The two exceptions occurred in the s tudies  of a tropical rain 
forest in Ghana  (Cunningham 1963) and those in a Eucalypt  forest in 
Tasman ia  (Ellis and Graley 1983). Cunn ingham reported soil C 
reduct ions  tha t  related to the degree of shading and, presumably,  soil 
t empera ture ,  after harvest ing a tropical rain forest in Ghana.  Three yr  
after harvesting,  he noted 57, 49, and 25% decreases  in soil C in the 0 
to 5 cm depth  with full exposure,  half-exposure,  and full shading,  
respectively. The same basic pa t te rn  held in the 5 to 15 cm depth,  also 
(30, 25, and  17% decreases  in full exposure,  half-exposure,  and full 
shading,  respectively). Ellis and Graley (1983) report  da ta  indicating a 
statist ically significant (i.e., non overlapping 95% confidence intervals) 
23% difference in 0 to 2 cm layer soil C between harves ted and 
unha rves t ed  Eucalyptus  sites in Tasmania.  However, no significant 
differences were noted in deeper  horizons, and the au thor s  did not  
regard the surface soil differences to be of any  real consequence.  Thus,  
the overall effects of harvest ing on soil C in this case, also, were 
actual ly quite small. 

3.2 CULTIVATION 

Mann  (1985, 1986), Detwiler (1986), and Schles inger  (1986) have 
provided excellent reviews of the effects of cultivation on soil C. In one 
of her  two papers,  Mann (1985) utilized data  from 303 loess-derived 
soil profiles, most ly  Alfisols and Mollisols, in the central  U.S., and  in 
ano the r  paper  (Mann 1986) she reviewed the resul ts  of 50 s tudies  in 
the l i tera ture  involving compar isons  of 625 profiles. These 
compar isons  involved both forested and prairie ecosystems,  and 
resul ts  were not  separa ted by these two categories. In both cases, she 
noted tha t  cultivation resul ted in a substant ia l  ne t  loss (at least 20%, 
most ly  in the plough layer) in soils tha t  were initially relatively high in 
C, bu t  a slight net  gain (e.g., 11% in Udolls of the central  U.S.) in soils 
tha t  were initially low in C. Using a computer  model of land use  
changes  in the  tropics, Detwiler (1986) es t imated  tha t  clearing 
followed by cultivation results  in an  average 40% loss of soil C, and  
clearing followed by pas tur ing resul ts  in an average 20% loss of soil C, 
each within 5 yr. Schlesinger summar ized  the effects of clearing and 
cultivation on soil C from several s tudies in the literature, and obtained 
an  average loss of 21%, with a range of +1 to -69%. 

Table 2 summar izes  the reviews by Mann (1985, 1986), Detwiler 
(1986), and  Schlesinger  (1986), as well as several other  s tudies  tha t  
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were not  included in these  reviews. The addit ional  papers  general ly 
confirm earlier conclusions as to the effects of cultivation: soil C 
changes  ranged from a slight gain to over 50% loss. One s tudy  wor thy  
of par t icular  ment ion  is tha t  of Richter et al (1990) who point  out  the 
impor tance  of account ing  for root biomass  when  evaluating soil C 
change.  They found a 24% overall decrease in soil after 7 yr  of annua l  
tillage of a Udalf in Michigan, and tha t  76% of this decrease  was due to 
a reduct ion  in root biomass associated with a t ransi t ion from grasses  
to annua l  herbs. 

3.3 SITE PREPARATION 

The effects of site prepara t ion  prior to es tab l i shment  of a new forest 
p lantat ion on soil C can be quite considerable, as seen in Table 3. 
However, the implications for global C budgets  are often unclear ,  in 
tha t  it is f requently not possible to separate  soil C lost by d isplacement  
(e.g., bulldozed into s lash piles and therefore not  necessar i ly  lost to 
the  a tmosphere  as CO2) and tha t  which is lost due to decompositon.  In 
general, there  is a net  loss of soil C with site preparat ion,  the 
magni tude  of which is dependen t  upon the severity of the dis turbance.  
In tha t  site preparat ion occurs  only once dur ing a forest rotation, one 
would expect tha t  its overall effects on soil C loss would be less t han  
tha t  of cont inuous  cultivation, however. In cases where site 
prepara t ion  involved incorporat ing logging res idues  into the soil, soil 
C values can obviously be expected to increase (e.g., S m e t h u r s t  and 
Nambiar,  1990a). Thus,  the effects of site preparat ion on soil C varied 
not  only with site bu t  with t rea tment .  For instance,  Morris and  
Pri tchet t  (1983) found tha t  only slight changes  in mineral  soil C due 
to site prepara t ion (chopping, burning,  KG-blade, disking, and 
bedding) in one Florida s lash pine site, whereas  Burger  and Pri tchett  
(1984) found significant (20-40%) reduct ions  in soil C following site 
prepara t ion  (burning followed by chopping and burn ing  followed by 
windrowing, disking, and bedding) in ano ther  Florida s lash  pine site 
(Table 3). 

Finally, in a more u n u s u a l  study, Laine and Vasander  (1991) 
evaluated the effects of drainage and forest es tab l i shment  upon  the C 
balance  of a peat  bog in Finland. They found an overall ecosystem C 
increase  of 9% due to increases  in tree, litter, and peat  C. They 
concluded tha t  the effects of the increased productivi ty due to forest 
es tab l i shment  more than  compensa ted  for any  loss of peat  C due to 
inc reased  decomposi t ion rate. 

3.4 BURNING 

The l i terature  on burn ing  included both prescr ibed burn ing  and 
wildfire. The effects of burn ing  upon  both forest floor and soil C were 
very dependen t  upon  fire intensity, as is to be expected. Prescribed 
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fire usua l ly  caused  a reduct ion in 0 horizon weight (Table 4), bu t  
ei ther no change or an  increase in mineral  soil C. Often, the invasion 
of N-fixing species after burn ing  caused  an  increase in soil C over the 
long-term. Kraemer  and H e r m a n n  (1979) found no significant 
differences in soil organic mat te r  25 yr after b roadcas t  burn ing  in 34 
plot pairs in wes te rn  Washington and Oregon. They did, however, find 
a significant increase in soil C in sites occupied by N-fixing Ceanothus .  
Wells (1971) reported the resul ts  of a 20-yr s tudy  of prescr ibed 
burn ing  at the Santee  forest in South  Carolina. Trea tments  included 
annua l  s u m m e r  burn ing  (AS), annua l  winter  burn ing  (AW), periodic (4 
times) s u m m e r  burn ing  (PS) and periodic winter  bu rn ing  (PW). He 
found forest floor reduct ions  to be as follows: AS>AW>PS>PW. 
However, there  was a t endency  for the forest floor to regain this 
organic ma t t e r  over time and approach  the control condit ion in the 
periodical ly-burned plots. He also found tha t  during the first 10 yr of 
the s tudy  organic mat te r  and N increased in the top 5 cm of soil in 
approximately  the same order as forest floor was lost. Thus,  "the 
principal  effect of burn ing  was the redis tr ibut ion of the organic mat te r  
in the profile and not in any  reduction" (p. 88). One t r ea tmen t  
(annual ly-burned  plots) showed especially large increases  in soil N 
(550 to 990 kg /ha)  during the second 10 yr of the study,  which were 
a t t r ibuted  to increased activity of N-fixers. 

McKee (1982) summar ized  the resul ts  of several prescr ibed 
burn ing  s tudies  th roughout  the sou theas t  (including Wells' study) and 
concluded tha t  bu rn ing  generally resul ted in a decrease  in forest floor 
bu t  an increase in soil C in the top 5 to 10 cm within the first 10 yr, 
the resul t  being a small net  overall sys tem C loss. The causes  of the 
increase  in surface soil following prescribed burn ing  likely include 
incorporat ion of charcoal  and partially burned  organic mat te r  into the 
mineral  soil and, in some cases, the increase in the presence  of N- 
fixing species following burning.  

In cont ras t  to these s tudies  of low-intensity prescr ibed burning,  
o ther  s tudies  of the effects of h igh- intensi ty  burn ing  (either 
prescr ibed or wildfire) show significant soil C loss. Sands  (1983) 
reported tha t  24 yr after an intense broadcas t  bu rn  in a Radiata pine 
site in Australia, soil C was approximately 40 to 50% lower th roughou t  
the  profile (to a 60 cm depth) t han  in an u n b u r n e d  plot. Grier (1975) 
noted a 40% loss of litter and soil N after an intense fire on the 
eas te rn  slope of the Cascade Mountains  of Washington. Neither organic 
ma t t e r  nor  C changes  were reported by Grier, bu t  were p re sumab ly  
quite high, also. 

Not all wildfires resul t  in a reduct ion in soil C, however. 
Fernandez  et al reported large losses of 0 horizon but  no significant 
change in mineral  soil C 1 yr after a wildfire in Maine. Dyrness  et al 
(1989) sampled soils within one week of a wildfire in interior Alaska 
and  found tha t  organic mat te r  losses from the forest floor (assessed by 
compar ing to u n b u r n e d  areas) varied from 5 to 80% depending upon 
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fire intensity.  Changes  in the top 5 cm of mineral  soil ranged from +16 
to -18% depending  upon  fire intensity.  

3.5 SPECIES CHANGE OR COMPARISONS 

Many of the s tudies  dealing with species changes  or compar isons  
involved N-fixers. These resul ts  have been lumped together  with 
fertilization for the purposes  of this review and are d iscussed below. 
Species change studies involving non-N fixers are summar ized  in 
Table 5. 

The effects of tree species on soil C was often significant bu t  
inconsis tent .  For instance,  Turner  and Kelly (1985) and Turne r  and 
Lamber t  (1988) compared  soil propert ies benea th  planted rad ia ta  pine 
(Pinus radiata) and native Euca lyp tus  forest at various sites in New 
South  Wales (NSW), Australia. In some cases, they noted greater  
(average of 35 to 57%) soil C in pine plantat ion than  in the native 
Euca lyp tus  forest, in some cases they noted the reverse, and  in other  
cases  they  found no differences (Table 5). The au thors  noted tha t  
organic mat te r  was the main  soil property tha t  was affected by 
plantat ion es tab l i shment  in their  s tudy  and other related studies.  

Gilmore and Rolfe (1980) reported the resul ts  of a very careful, 
statistically sound  comparison of loblolly and short leaf  pine plantat ions 
at various spacings on soil properties over a period of 25 yr. Results  
showed no effect of spacing, bu t  significant differences be tween 
species: minera l  soil organic mat te r  was higher  bu t  0 horizon weight 
was  lower in the shorf leaf  pine than  in the loblolly pine s tand  after 25 
yr. Lane (1989) reported no differences in soil C after conversion of 
native hardwoods  to loblolly pine in South  Carolina. Alban (1982) 
compared  soil properties in adjacent  s tands  of t rembling aspen  
(Populus t remuloides) ,  white spruce  (Picea glauca), j ack  pine (Pinus 
banks iana) ,  and red pine (P. resinosa) at two sites in no r the rn  
Minnesota.  There were no differences in total forest floor weight 
among the s t ands  at  either site, bu t  the aspen  soil had  significantly 
lower surface soil organic mat te r  (10 to 40%) t h a n  the other  species 
at  both  sites. One s tudy  of peripheral  interest  was tha t  of Amendinger  
(1990) which  indicated a large (>50%) loss of soil C with the invasion 
of j ack  pine in prairie dur ing the Holocene inferred from a 
chronosequence  study. 

Feger et al (1990) reported the nu t r i en t  budgets  of two 
contras t ing wa te r sheds  in Germany  which are relevent to the subject  
of species effects on soil C change. No soil C or N data  were presented  
to documen t  the actual  decline in soil C, N, and S contents ,  and  thus  
the s tudy  is not  summar ized  in Table 5; however, some of the resul ts  
are wor th  summar iz ing  here. The sites were: Schluchsee ,  which has  
granitic bedrock  and within which Norway spruce  (Picea abies) are 
experiencing Mg deficiency, and Villingen, which has  sands tone  
bedrock  and  within which Scots pine (Pinus sylvestris) and silver fir 
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(Abies alba) are experiencing K deficiency. Of in teres t  to this review 
are high rates  of N and S leaching from the Schlucsee watershed,  an 
effect a t t r ibutable  to the mineral izat ion of organic mat te r  left in 
subsoils from a deeper-rooted beech s tand (Fagus sylvatica) which 
occupied the site 150 yr previously. 

3.6 REFORESTATION AND SUCCESSION 

Examining the changes  in soil C during reforestat ion and  success ion is 
one way of gaining some insight into the long-term effects of 
harvesting,  cultivation, etc., on soil C reserves (Table 6). In cases 
where  former agricul tural  land is reverted to forest or where  newly 
developing soil undergoes  afforestation, soil C usual ly  increases  
substantially. 

In a s tudy  involving resampling of soils over time, J o h n s o n  et al 
(1988) noted ei ther  increases  (30 to 100%) or no significant change 
in surface soil (0 to 15 cm) C over an l l - y r  period in aggrading forests 
growing on former agricultural  land on Walker Branch  Watershed,  
Tennessee .  J e n k i n s o n  (1970, 1991) reported the  resul ts  of the 
Rothamsted  s tudies  of organic mat te r  and nu t r ien t  changes  in soils 
left uncul t iva ted  since the early 1880's. One site (Broadbalk) was on a 
ca lcareous  soil tha t  had  been limed sometime during the 18th or early 
19th century ,  the effects of which were still evident in the pH of 
samples  t aken  in 1964 to 1965. The other  site (Geescroft) received N 
and  P fertilizers bu t  no lime and consequent ly  experienced significant 
acidification (pH 7.1 to 4.5) from 1883 to 1965. Differences in 
acidification were thought  to have resul ted in subs tant ia l  differences in 
soil organic C, N, S, and P, all of which were greater  at Broadbalk.  Soil 
organic C in Broadbalk increased by 80% over the 83-yr period, 
whereas  Geescroft increased by only half  as m u c h  (Jenkinson 1970). 
Rates of N, S, and P accumula t ion  were also considerably greater  at 
Broadbalk t h a n  Geescroft. Of special interest  was the finding tha t  the 
ra tes  of organic N accumula t ion  (65 and 23 kg N ha  -1 yr  -1) were 
greater  t h a n  could be accounted  for by either a tmospher ic  deposition 
or N fixation by legumes. 

Chronosequence  studies have also shown significant soil C 
accumula t ion  when  former agricul tural  land is reforested or afforested. 
Wilde (1964) examined soil organic ma t t e r  in 100 red pine (Pinus 
resinosa)  plots of varying age (from 10 50 yr) planted on former 
agricul tural  land in Wisconsin. He found a linear increase in soil 
organic mat te r  in the top 15 cm of soil with s tand  age, with the overall 
increase  being 300 to 400% over 40 yr. Lugo et al (1986) assessed  the 
affects of conversion of former agricul tural  land to ei ther forest or 
pas tu re  in Puerto Rico. They were motivated to test  some of the 
a s sumpt ions  used in global climate models that  the top 1 m of soil 
loses 65% of its C after deforestation, and tha t  it can re tu rn  to within 
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75% of its original value within 50 yr  of a b a n d o n m e n t  of agriculture.  
They evaluated the effects of a b a n d o n m e n t  of agricul ture  in several life 
zones (subtropical wet, dry, and moist  forest) th rough  resampling of 
specific sites th rough  time and chronosequence  studies.  They found 
tha t  recovery of soil C was m u c h  more rapid than  generally a s sumed  in 
models:  for instance,  chronosequence  s tudies  indicated tha t  
abandoned  agricul tural  soils in the wet and moist  forest life zones 
regained 90% of the soil C in ma tu re  forests within 50 yr, and in the 
dry zone, recovery of soil C to levels in ma tu re  forests occurred within 
30 yr. 

Schiffman and  J o h n s o n  (1990) compared C contents  of two 
loblolly pine chronosequences ,  one growing on a former agricul tural  
field, and  one on a site converted from natura l ly- regenera ted  Virginia 
pine (Pinus virginiana). There was a large increase in ecosystem C 
conten t  (235%), most ly  due to phy tomass  in the old field 
chronosequence  but  only a 24% gain in the na tura l  forest conversion 
chronosequence .  Similarly, there was a large increase  in soil C (57%) 
in the old field chronosequence  and no significant change in the forest 
conversion chronosequence .  The au thors  drew two impor tan t  
conclusions as to the effects of reforestation in the sou theas te rn  U.S.: 
1) there  were "negligible oxidative losses of carbon from soils after 
harves t  and  site preparation" of na tura l  forests (p. 69), and  2) "the 
conversion of na tura l  forests to plantat ions is no subst i tu te  for the farm 
to forest  conversion" in terms of C storage. The lat ter  is of 
significance, in view of the marked  reduct ions  in the rate  of old field 
reforestat ion in this region. 

An exception to the general  pa t te rn  of increased soil C after 
reforestat ion of formerly cultivated soils is the s tudy  by Hamburg  
(1984) at  Hubbard  Brook, NH. In this case, Ap horizon soil C 
decreased  over the 75-yr chronosequence .  Even in this case, however, 
increases  in 0 horizon C more than  offset the decreases  in Ap horizon 
C. 

In cases  where  reforestat ion and success ion follow previous 
forests, there  is no clear pat tern.  As noted above, Schiffman and 
J o h n s o n  (1990) found negligible effects of forest conversion from 
native Virginia pine to loblolly pine. Boone et al (1988) found no 
change  in soil C bu t  a decrease in 0 horizon C in regrowth following 
hemlock waves in Oregon. Durgin (1980) found no changes  in fir 
forests 25 yr  after c learcut t ing and slight decreases  followed by 
increases  in redwood forests following clearcut t ing in California. In a 
ch ronosequence  s tudy  in s lash pine (Pinus elliottii), Gholz and Fisher  
(1982) found tha t  the A horizon of a 2-yr-old s tand  contained 
approximately twice as m u c h  soil C as the other  s tands  (up to age 34) 
in the chronosequence) ,  which was a t t r ibuted to bedded slash. 
Assuming  tha t  the chronsequence  t ruly represented  t rends  with time, 
the  effect of s lash bedding was very short-lived: soil C decreased by 
50% to approximately  pre-harvest  levels by age 5. 
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3.7 NITROGEN FIXATION AND FERTILIZATION 

For the pu rposes  of this review, the effects of N-fixing species  and 
fertilization on soil C were combined into one category (Table 7). For 
the  mos t  part,  the presence  of N-fixers caused  subs tan t i a l  (20 to 
100%) increases  in soil C and N (Table 7). The one exception to this 
general rule was  the s tudy  by  Paschke  et al (1989) in Illinois, which 
evaluated the effects of black alder (Alnus glutinosa) and a u t u m n  olive 
(Elaegnus umbellata)  interplantings with black wa lnu t  (Juglans nigra). 
In this  case, interplanting with both  alder and a u t u m n  olive resul ted in 
significantly greater mineral  N levels and N mineralization rates  than  
in wa lnu t  alone, b u t  there were no increases  in either soil total C or N 
with interplant ing after 18 yr. Indeed, there was  a clear and 
significant t rend toward lower soil C and N in the a u t u m n  olive 
interplanted plantat ions  than  in walnut  only plantat ions.  Reasons  for 
this were not  known. 

Another  seeming exception to this general rule was  the Cascade  
Head site in Oregon, where there was only an 11% difference in soil C 
be tween  red alder (Alnus rubra)  and Douglas-fir (Pseudotsuga  
menziesii) soils. In this case, however, the Douglas-fir soil was  quite 
high in bo th  C and N, and the 11% difference was  actual ly abou t  equal 
in magni tude  to larger percentage increases  at other  sites (Binkley 
and Sollins 1990). 

Fertilization generally caused  an increase in soil C, as one would 
expect  given its expected effect upon  pr imary  productivity.  However,  
the increases  in soil C with fertilization were generally not  as  large as 
those  due  to the presence  of N fixers. Nohrs tedt  et al (1989) evaluated 
soil C and microbial activity in two sites in Sweden: Kroksbo, which 
was  t reated with a m m o n i u m  nitrate and urea  at 150 and 600 kg N ha-1 
11 yr previously, and Nissafors, which was t reated with 150 kg N ha -1 
as a m m o n i u m  nitrate at bo th  8-yr and 1 yr previously (for a total of 
300 kg N ha-l).  They found an increase of 16 to 25% in litter p lus  soil 
C in the  Kroksbo site, and an increase of 10% overall in the Nissafors 
site. The effect was  more p ronounced  at higher fertilization levels and 
more p ronounced  with a m m o n i u m  nitrate than  with urea.  
Interestingly, they could not  accoun t  for the increased C with 
increased  litterfall, and a t t r ibute  the effect to reduced  microbial  
activity per uni t  organic C. 

Van Cleve and Moore (1978) noted increases  in soil C of 13 to 
17% with N (ammonium nitrate) and P (triple supe r  P) fertilization of 
a spen  si tes in central  Alaska. Turner  and Lambert  (1986) noted up to 
22% increase  in soil C 30 yr  after a single s u p e r p h o s p h a t e  fertilization 
in a P-deficient Radiata  pine plantat ion in New South  Wales, Australia. 
In contrast ,  McCarthy (1983) found only a slight (5%) increase in soil 
C in s lash  pine planta t ions  in Florida 20 yr after P fertilization. Gilmore 
and Boggess (1963) and Gilmore (1977, 1980) repor ted  on s tud ies  
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where  var ious  tree species  (both p ines  and  hardwoods)  were p l an ted  
on agr icul tura l  soils previously  t rea ted  with m a n u r e ,  crop res idue,  P 
(rock phospha te )  and  l imestone,  bo th  singly and  in combina t ion .  In 
the  h a r d w o o d  p lan ta t ions ,  previosus ly  l imed plots had  significantly 
grea ter  (20 to 30%) soil organic  ma t t e r  at  the  s ta r t  of the  s tudy,  and  
the  effect carr ied t h r o u g h  the  18th yr. In the  p ine  p l an t a t ions  (_p_. 
taeda ,  P. ech ina ta ,  P. res inosa ,  and  P. s t robus) ,  previously  l imed soils 
had  twice as m u c h  organic ma t t e r  (OM) initially (in 1955). Soil OM 
increased  in bo th  l imed and  un l imed  plots,  b u t  at  a greater  rate  in the  
u n l i m e d  plots,  so t ha t  at  age 24, the  l imed plots  were only 20 to 25% 
h igher  in soil OM. 

Bake r  et  al (1986) c o m p a r e d  the  effects of mixed  fertilizer (960, 
410, 410, 140, 200, and  290 kg ha  -1 of N, P, K, S, Ca, and  Mg, 
respectively), lup ine  (Lupinus  arboreus) ,  and  lup ine  p lus  fertilizer on 
p lan ted  rad ia ta  pine on s a n d  d u n e  sites in New Zealand.  They  
d o c u m e n t e d  a s tat is t ical ly s ignif icant  effect of fertilization on soil C 
(115% in the  top 5 cm). Lupine  and  lup ine  p lus  fertilizer also caused  
inc reases  (47 a nd  89%, respectively), b u t  these  were no t  s ta t is t ical ly  
signif icant .  To a 1 m soil dep th ,  the  effects of t r e a t m e n t s  were 
s o m e w h a t  different,  however:  only the  lup ine  t r e a t m e n t  was  
s ignif icant ly  different  f rom control  (9% greater),  a l t h o u g h  fertilizer 
and  lup ine  p lus  fertilizer t r e a t m e n t s  alone also resu l ted  in increases  (6 
a n d  17% greater ,  respectively).  

4. Conclusions 

Despite  the  n u m e r o u s  uncer ta in t i e s  and caveats  no ted  in Sect ion 2, 
the  resu l t s  of th is  l i tera ture  review reveal some reasonab ly  cons i s t en t  
resu l t s  a nd  t r ends  in soil C u n d e r  var ious  forest m a n a g e m e n t  
scenar ios .  It h a s  long been  es tabl i shed  and  r ema ins  clear t ha t  
cul t ivat ion leads to subs tan t i a l  decreases  in soil C in all b u t  the  m o s t  C- 
poor  soils (Figure 2; Mann  1985, 1986; Schles inger  1986; Detwiler 
1986). However, the  a s s u m p t i o n  tha t  soil C decreases  on the  order  of 
30 to 40% following forest  ha rves t ing  (e.g., H o u g h t o n  et al 1983; 
M u s s e l m a n  and  Fox 1991) is no t  s u p p o r t e d  by the  l i te ra ture  reviewed 
here.  Rather ,  it appears  as if losses of soil C after harves t ing  and  
re fores ta t ion  are negligible in mos t  cases.  The effects of harves t ing ,  
site p repara t ion ,  and  b u r n i n g  on soil C (not inc lud ing  litter) are 
s u m m a r i z e d  in Figure 3a  and  b. In Figure 3a, only stat ist ically 
s ignif icant  resu l t s  are repor ted  whereas  in Figure 3b, all resu l t s  are 
r e p o r t e d .  
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Effect of Cultivation on Soil Carbon 

1000 

Q; 
100 

0 

E lO 

>50% 40-50% 30~10% 20-3070 10-20% _+10% 10-20% 20-30% 30-40% 40-50% >50% 

Decrease Percent Change Increase 

Figure 2. F requency  d is t r ibut ion  of the  percen tage  change  in soil C 
wi th  cul t ivat ion (see Table 2 for da ta  sources).  

Regardless  of w h e t h e r  only stat is t ical ly s ignif icant  differences or 
overall t r e n d s  are cons idered ,  the  major i ty  of s t ud i e s  reviewed here  
indicate  little or no  change  in soil C (i.e., + 10%) following ha rves t ing  
and  reforesta t ion.  The except ions  to this  are pr imar i ly  in the  tropics,  
where  recovery to original levels after refores ta t ion is appa ren t ly  qui te  
rapid,  and  in cases  where  harves t ing  is followed by in tense  b r o a d c a s t  
b u r n i n g  (e.g., S a n d s  1983). However, there  are also in s t ances  where  
soil C increased  after harvest ing,  probably  due  to the  addi t ions  of 
s lash,  inc reased  decompos i t ion  rates,  and  incorpora t ion  of organic  
m a t t e r  into the  minera l  soil (e.g., Gholz and  F isher  1982; Henr i cksen  
et  al 1989). 

It is i m p o r t a n t  to recognize t ha t  cul t ivat ion for crops  differs 
subs t an t i a l ly  from harves t ing  and  site p repara t ion  in new forest  
p lan ta t ions .  Crop cult ivat ion typically involves m u c h  more  severe and  
pro longed  d i s t u rbance  t h a n  harvest ing,  even wi th  in tensive  site 
p repara t ion .  Crop cul t ivat ion also very likely leads to long- te rm 
i n c r e a s e s  in soil t empera tu re ,  whereas  soil t e m p e r a t u r e s  are likely 
r e t u r n  to nea r  p re -ha rves t  levels rapidly after the  deve lopmen t  of a 
n e w  forest  canopy.  Thus ,  it is no t  at all su rpr i s ing  t ha t  soil C losses 
following harves t ing  and  reforestat ion are subs tan t i a l ly  less t h a n  wi th  
ha rves t ing  followed by cult ivation,  and  these  differences m u s t  be t a k e n  
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Figure 3. Frequency  distr ibution of the percentage change  in soil C 
with forest harvesting,  site preparat ion,  and burning.  A. Statistically 
signif icant  differences only shown (non-significant differences 
inc luded in the + 10% category), B. All differences shown.  (See Tables 
1,3, and  4 for da ta  sources). 
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into accoun t  when  evaluating the effects of forest harvest ing in general  
on global C balances.  It is likely t rue tha t  harvest ing and cultivation 
resul t  in large changes  in soil C on the order  of 30 to 50% over a 
period of several decades.  However, there  is nothing in the l i terature  
to suggest  tha t  such  changes  occur  when  harvest ing is followed by 
forest  replanting.  

It is clear tha t  the effect of fire upon  soil C is a funct ion of fire 
intensity. A light or moderate  bu rn  causes  a mobilization of nutr ients ,  
and may  be beneficial to the growth of the subsequen t  forest. Figure 4 
shows tha t  the effects of regular  prescribed fire on soil C is heavily 

Regular Prescribed Fire 
12 

' i ~176 0 .~i~i 

0 . 

Statistically Sig nificant I 
All Data 

>50% 40-50% 3040% 20-30% I0-20% _+10% 10-20% 20-30% 3040% 40-50% >50% 
Decrease Percent Change Increase 

Figure 4. F requency  distr ibution of the percentage change in soil C 
with regular  prescr ibed fire. S=Statistically significant differences only 
shown (non-significant differences included in the + 10% category), 
A=All differences shown. (See Table 6 for data  sources). 

weighted toward the center  (negligible effect) bu t  somewha t  skewed 
right, indicat ing a positive effect. An intense burn,  on the other  hand,  
m a y  deplete the soil of volatile nut r ien ts  (including N, S and P; Raison 
et al 1985), causing a long-term decrease in forest productivity and  C 
sequest ra t ion.  

There  are clearly opportunit ies  for increasing soil fertility and  the 
fixation of C in forest ecosystems th rough  the m a n a g e m e n t  of forest  
nutri t ion:  there  is a marked,  clear t rend toward greater  soil C with the 
in t roduct ion  of N-fixers as well as with fertilization (Figure 5). The 
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benef i ts  of this  m u s t  be weighed aga ins t  the  cost  of fertilization or the  
cost  of al lowing N-fixing species  of low economic  value  to inhab i t  the  
si tes in ques t ion .  

Fertilization and N-fixers 

6 ~ Fertilization (s) 
Fertilization (all) ~ N-fixers (s) 
N-fixers (all) 

4 

2 

0 

0 

0 

. 0  

E 
,-I 

>50% 40-50% 30-40% 20-30% 10-20% +10% 10-20% 20-30% 30-40% 40-50% >50% 

Decrease Percent Change Increase 

Figure 5. F requency  d is t r ibu t ion  of the  percen tage  change  in soil C 
wi th  N fixers and  fertilization S=Stat is t ical ly s ignif icant  differences 
only s h o w n  (non-s ignif icant  differences inc luded  in the  + 10% 
category), A=All differences shown.  (See Table 7 for da ta  sources) .  

There  are two possible  r easons  for the  increase  in soil C following 
N fixation a nd  fertilization: 1) increased  product iv i ty  and,  therefore,  
inc reased  organic  m a t t e r  i n p u t  to soils, and  2) s tabi l izat ion of soil 
organic  mat te r .  In the  case of N, non-biological  c o n d e n s a t i o n  reac t ions  
of pheno l s  wi th  a m m o n i u m  are im por t an t  in the  p roduc t ion  of h u m u s  
(Mortland a nd  Wolcott, 1965; Paul  and  Clark 1989). These  reac t ions  
are e n h a n c e d  by high pH (because NH 3 is the  reactive form of N) and  
h igh  NH 3 a n d / o r  NH4+ concent ra t ions .  Both  of these  condi t ions  occur  
following u rea  fertilization, which  is known  to cause  non-biological  
NH4 + fixation (Foster et al 1985). In the case of Ca and  o ther  
polyvalent  cat ions,  cat ion br idging of organic colloids causes  
c o n d e n s a t i o n  and  stabil ization of organic ma t t e r  (Oades 1988). Oades  
(1988) sugges t s  t h a t  the  we l l -documen ted  posit ive re la t ionsh ip  
be tween  soil clay and  organic ma t t e r  con ten t  m a y  actual ly  be the  resul t  
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of greater  polyvalent cation availability (either Ca or AI) in clay rich 
soils. Because  Ca is rarely limiting to tree growth, the positive effects 
of liming on soil C noted by Gilmore (1977, 1980) and J e n k i n s o n  
(1970, 1991) are likely due to these  react ions ra the r  t h a n  a direct  
effect upon  plant  pr imary  productivity. 

5. Research Needs 

As noted in the Objectives and Methods section, there  are n u m e r o u s  
inconsis tencies  in the way data  was collected and summar ized  in the 
s tudies  reviewed here. This is certainly not  mean t  as a criticism of 
these  studies,  each of which was designed to test  a specific hypothesis  
or answer  a specific question. However, there is a clear need for a 
coordinated,  regional s tudy  on the effects of forest m a n a g e m e n t  on 
soil C dynamics  such  as has  been done for nu t r ien t  effects (e.g., Mann 
et al 1988) and  such  as tha t  proposed by Powers et al (1990). Such  a 
s tudy  should control for both m a n a g e m e n t  pract ices (e.g., degree of 
res idue  removed, burning,  bedding, etc.) and establish sampling 
protocols tha t  el iminate the cur ren t  uncer ta in t ies  arising from 
u n k n o w n  effects of spatial and temporal  variation among s tudy  sites. 

In addit ion to (or in conjunct ion with) a coordinated regional 
s tudy,  more research  is needed  on the processes  controlling soil C 
accumula t ion  and loss. What are the roles of t empera tu re  versus  
mois ture  on decomposit ion? What  are the effects of ext remes versus  
changes  in m e a n  values of t empera tu re  and moisture? What  role do 
nu t r i en t s  play in stabilization or loss of soil organic mat ter?  Such 
process  s tudies  should include not  only changes  in litter 
decomposit ion,  which has  been extensively studied, bu t  also the 
incorporat ion of litter into soil organic mat te r  and, ultimately, h u m u s .  
Investigations of soil C fractions, even on existing s tudy  sites, may  be a 
meaningful  first step in obtaining insight into impor tan t  processes.  
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