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A b s tr a c t .  A nalyses o f  carbon iso tope ratios (8 13C) in soil organic m atter (SO M ) and 
soil resp ired  C O 2 p rov ide insigh ts into dynam ics o f the carbon cycle. 8 13C analyses do not 
p rov ide d irect m easures o f soil C O 2 efflux rates bu t are  useful as a constra in t in carbon 
cycle m odels. In m any cases, 8 13C analyses allow  the identification  o f com ponents o f soil 
C O 2 efflux as w ell as the re lative contribu tion  o f soil to overall ecosystem  C O 2 fluxes. 8 13C 
values prov ide  a un ique too l fo r quantify ing h isto rical sh ifts betw een C 3 and  C4 ecosystem s 
over decadal to m illennial tim e scales, w hich are re levan t to clim ate  change and land-use 
change issues. W e iden tify  the need to d is tinguish  betw een 8 13C analyses o f SOM  and those 
o f soil C O 2 efflux in carbon cycle  studies, because  tim e lags in the tu rnover ra tes o f  d ifferent 
soil carbon com ponents can resu lt in fluxes and stocks that d iffer in iso topic com position 
(d isequilib rium  effect). W e suggest that the frequently  observed  progressive 8 13C enrichm ent 
o f SOM  m ay be re la ted  to a g radual sh ift in the re la tive  contribu tions o f m icrob ial vs. p lan t 
com ponents in the residual SOM  and no t to d ifferen tial SOM  degradation  or to m icrobial 
fractionation  during decom position . C larify ing this m echanism  is critica l for applying 8 13C 
analyses to quantification  o f SOM  turnover rates. A cross la titud inal gradien ts, large d if­
ferences should occur in the 8 13C values o f  C O 2 effluxing from  soils, bu t as o f  yet a global 
database is lacking w ith w hich to test this prediction . Such a g lobal database w ould  be a 
useful inpu t for g lobal carbon cycle m odels that re ly  on 8 values to constrain  source and 
sink relations.

K ey w o rd s: b e low  g ro u n d  p ro c esses  a n d  g loba l change; C3 a n d  C4 ecosystem s; carbon  cycle;  
carbon  iso tope ra tio ; ecosystem  p ro c esses;  g lo b a l change; so il organ ic  carbon; so il o rganic  m a tter .

In t r o d u c t io n

O ver the past decade, a tten tion  has focused on quan­
tify ing com ponents o f  the g lobal carbon cycle  and o f 
sink/source re la tionsh ips in the terrestria l b iosphere 
(K eeling et al. 1989, Tans et al. 1990, Schim el et al. 
1994, C iais et al. 1995, 1997, E nting et al. 1995, Schi­
m el 1995, IPC C  1996, W alker and Steffen 1996, Fung 
et al. 1997, W alker et al. 1999). On a g lobal basis, the 
carbon contained  w ithin soils o f terrestria l ecosystem s 
far exceeds that w ithin aboveground b iom ass; yet p ro ­
portionally  less is know n about the processes influ­
encing soil carbon dynam ics (A nderson 1992, Schim el 
et al. 1994, Jobbagy and Jackson 2000). As m ore em ­
phasis is placed on better understanding the carbon 
cycle across d ifferen t eco log ical scales, ranging  from  
patch , stand, and landscape to g lobal levels, stable iso­
tope analyses o f carbon (8 13C) and oxygen (8 18O) will
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be increasing ly  applied  to help m eet the challenge o f 
closing gaps in our understanding o f  soil carbon tu rn ­
over and below ground processes (B alesdent and M ar- 
io tti 1996, B outton 1996, A m undson et al. 1998, A llen 
et al. 2000, Jackson et al. 2000).

S table iso topes are best view ed as a too l for con­
strain ing m agnitudes o f d ifferen t p rocesses and for 
source identification , bu t no t as a tool fo r d irectly  as­
sessing flux rates. T heir app lication  is useful across a 
range o f scales, such as at the patch  scale to d istinguish  
betw een au to trophic and hetero trophic  com ponents o f 
soil resp iration  (e.g ., Lin et al. 1999) o r at the global 
scale to separate te rrestria l and oceanic  C O 2 flux com ­
ponents (e.g ., C iais et al. 1995). L ong-term  reconstruc­
tion o f ecosystem  dynam ics (e.g., h isto rical pa tterns o f 
C 3/C 4 vegeta tion) rep resen t ano ther area w here the ap ­
plication  o f  stable iso tope analyses have proved useful 
(A rrouays e t al. 1995, Feigl et al. 1995, G regorich  et 
al. 1995, M artinelli et al. 1996, N eill et al. 1996).

G lobal 8 13C data sets spanning d ifferen t ecosystem s 
and land-use h isto ries for soils are lacking at the m o­
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m ent, a lthough inform ation  is availab le  fo r above­
ground com ponents (L loyd and Farquhar 1994, B uch­
m ann et al. 1998, B uchm ann and K aplan 1999). Yet 
soil C O 2 efflux constitu tes a m ajor com ponent o f the 
annual b iospheric  C O 2 contribu tion  to the atm osphere 
(Schim el 1995) and flux 8 13C values are no t necessarily  
un iform  over tim e or space. Inputs o f the ecosystem - 
dependent and seasonal changes in the 8 13C values o f 
soil C O 2 efflux m ay w ell influence the ex ten t to w hich 
d ifferen t land surfaces are in terp re ted  as being carbon 
sinks in m odel sim ulations. In this con tribu tion , we 
focus on the application  o f 8 13C to address soil C O 2 

effluxes in the carbon cycle , including the significance 
o f  d isequ ilib rium  betw een flux and soil organic m atter 
8 13C values associated  w ith  land-use change and a t­
m ospheric C O 2 change. W e believe that estab lishm ent 
o f  a g lobal 8 13C soil database and a m echanistic  ex­
p lanation  for w hy 8 13C values vary  w ith  soil organic 
m atter (SO M ) in the soil profile w ill significantly  im ­
prove our understanding  o f soil carbon tu rnover and 
w ill find im m ediate applicab ility  in carbon cycle m od­
els, especially  under land-use change situations.

B a c k g r o u n d  In f o r m a t io n

13C w ith  its one add itional neutron is far less abun­
dant than 12C, bu t still rep resen ts —1.1 % o f  all the 
carbon on Earth. By convention iso tope ra tios are ex ­
p ressed  in delta  notation  (8) w ith units o f per thousand 
(%o) as

8 =  / R s""i"e _  1 ^ x  1ooo% 0 ( 1 )
\R standard /

w here R  is the m olar ratio  o f the heavy to ligh t isotope 
o f  the sam ple or standard. A  sim ilar equation  describes 
oxygen iso tope ratios, bu t in that case R  is 18O /16O. The 
standards for carbon and oxygen are the Pee D ee B el- 
em nite (PD B) and S tandard  M ean O cean W ater 
(SM O W ).

As illu stra ted  in Fig. 1, soil C O 2 efflux (F R-soil) can 
be view ed as the resu lt o f  three independen t com ponent 
processes:

F R-soil F root F SOM F litter (2)

w here C O 2 efflux com ponents ( F ) are roo t respiration  
(including rh izosphere), oxidation  o f  soil organic m at­
ter (SO M ), and decom position  o f  surface litter. A t this 
fine scale, the challenge is to develop approaches to 
partition  soil C O 2 efflux into its various com ponents, 
and particu larly  into au to trophic  and hetero trophic  soil 
resp iration  (e.g ., H ogberg  and E kblad  1996, Lin et al. 
1999). U nderstand ing  how  ind iv idual com ponents re ­
spond to fluctuations in resource levels and to o ther 
environm ental param eters under natural conditions is 
c ritical to our ability  to p red ic t SOM  responses to future 
clim atic  conditions.

A t reg ional and g lobal scales, soil resp ira tion  is a 
significant com ponent o f  b iospheric  C O 2 fluxes to the 
atm osphere (Sch lesinger 1977, D avidson 1994, R aich 
and P otter 1995, F lanagan et al. 1996, F lanagan and 
E h leringer 1997, L avigne et al. 1997). The isotopic 
com position  o f  soil C O 2 efflux influences bo th  the over­
all iso topic com position  o f C O 2 leaving ecosystem s and 
b iosphere-atm osphere C O 2 fluxes at reg ional and global 
scales (C iais e t al. 1995, 1997, Fung et al. 1997). The 
ex ten t to w hich  an ecosystem  functions as a source or 
sink for a tm ospheric C O 2 depends on the net ecosystem  
exchange (N EE), w hich is the balance betw een gross 
photosynthesis and to tal ecosystem  resp iration . H ow ­
ever, the 8 13C values o f the gross ecosystem  flux and 
the hetero trophic  soil C O 2 efflux need no t be identical. 
It is reasonable  to assum e that au to trophic respiration  
o f  bo th  aboveground (e.g ., leaves, stem s) and below - 
ground (e.g ., roots) com ponents is derived from  re ­
cently fixed carbon and therefore carries the iso topic 
signature  o f  recen tly  form ed p lan t com pounds. Yet the 
8 13C o f au to trophic  resp iration  (8 13CR-root) is not likely  
to be sim ilar to o ther com ponents o f 8 13CR-soil,, because 
o f  d ifferen tia l carbon turnover ra tes o f  the auto trophic 
and hetero trophic  processes. Inheren t in m ost regional 
and g lobal carbon-balance m odels is the assum ption 
that the 8 13C o f  above- and below ground  C O 2 fluxes 
w ith in  an ecosystem  or region d iffer because o f  tim e- 
constan t d ifferences in soil and vegeta tion  carbon tu rn­
over rates (Tans et al. 1990, C iais et al. 1995, 1997, 
E nting et al. 1995, Fung e t al. 1997). T his is know n



4 1 4 I N V I T E D  F E A T U R E E co log ica l A p p lica tio n s
V o l.  10, N o . 2

as the d isequilib rium  factor and is considered  to be a 
consequence o f cu rren t vegeta tion  fixing C O 2 from  an 
atm osphere w hose value today averages approxim ately
— 8%o, w hereas 3 0 -1 0 0  years ago a t the tim e when 
m uch o f the soil carbon w as produced, the 8 13C o f C O 2 

in the atm osphere had a value o f  approxim ately
— 6.5%o. D isequilib rium  value estim ates used in carbon 
cycle m odels range betw een 0.18%o (cultivated  eco­
system s) and 0.54%o (evergreen forests) (Fung et al. 
1997). I f  there  w ere additional d ifferences in the 8 13C 
values o f soil and vegeta tion  C O 2 fluxes, the m agnitude 
o f terrestria l source/sink  re lations could  change. As an 
ind ica to r o f  the im portance o f know ing the d isequ ilib ­
rium  fac to r in g lobal carbon cycle  m odeling, Fung et 
al. (1997) calcu lated  that the iso topic d isequilib rium  
alone w ould  account for a 0.5 Pg C /yr sh ift in the 
m agnitude o f the m iddle  northern  hem isphere carbon 
sink.

R e la t io n s h ip s  B e tw e e n  8 13C V a lu e s  
o f  L e a v e s  a n d  SOM

The 8 13C values o f SOM  (8 13C SOM) reflect con tribu ­
tions from  p lan t fo liage/stem s, roo ts, and the conse­
quences o f  subsequent processes w ith in  the soil. As a 
source input into the soil, le a f carbon iso tope ratio  
(8 13Cp) values reflect the in tegration  o f  fractionation  
events during C O 2 fixation and d iffusional constrain ts 
im posed by stom ata (Farquhar et al. 1989). Photosyn­
thetic fractionation  effects are sm all in C 4 p lan ts and 
their 8 13C P values vary  betw een — 10%o and — 15%o re l­
ative to an atm ospheric C O 2 substrate o f  approxim ately
— 8%o (the value today). In contrast, photosynthetic 
fractionation  is g reater for C 3 p lan ts w ith  8 13Cp values 
betw een — 21%o and — 30%o, often  reflecting  the con­
sequences o f stom atal constrain ts associated  w ith soil 
w ater deficits (Farquhar et al. 1989, E hleringer et al.
1993). B oth  C 3 and C 4 pho tosynthetic  contribu tion  to 
SOM  can be d istinguished  using 8 13C analyses (T ieszen 
et al. 1997).

w ith in  leaves, the overall 13C conten t is prim arily  
determ ined  by the in itia l pho tosynthetic  carbon fixation 
(Farquhar e t al. 1989). T here appears to be  no subse­
quent au totrophic or m itochondrial carbon iso tope frac­
tionation  associated  w ith resp ira tion  (L in and E hler­
inger 1997). Yet 13C fractionation  can occur during sec­
ondary  m etabolism  w hen there are m etabolic b ranch 
po in ts, such as in the b iosynthesis o f  com pounds de­
rived  from  acety l-C oA  (D eN iro and E pstein  1977, 
W inkler e t al. 1978, O ’L eary  1981, Schm idt and G leix- 
ner 1998). As a resu lt, lip ids and lign ins are generally  
dep leted  by 3 -6  %o re la tive  to tha t o f  the average 8 13Cp 
values; sucrose, starch, cellu lose, and hem icellu lose 
tend to be  slightly  enriched  in 13C. S ince fo liage, wood, 
fruit, and roo ts d iffer in their chem ical com position , 
these organs can d iffer in 8 13C values by  2-3%o. D uring 
fo liage senescence, translocation  processes can lead  to 
changes in the 8 13Cp values (A ndreux et al. 1990, Bal-

esdent et al. 1993, B uchm ann et al. 1997a, b). An en­
richm en t factor o f  + 0 . 1 2 %o has been incorporated  into 
som e o f  the carbon balance m odels to account for the 
d ifferences in 8 13C betw een leaves and litte r (e.g., C iais 
et al. 1995). H ow ever, this sh ift m ay be less im portant 
than the iso top ic  changes observed  during la ter stages 
o f decom position  (see below ).

T h e  8 13C V a lu e s  o f  SOM  a n d  o f  S o il  
C O 2 E f f l u x

R econstruction  o f h isto rical vegeta tion  changes are 
often obtained  th rough  pollen  and packrat-m idden  re ­
cords (D avis 1981, B etancourt et al. 1990). Shifts b e ­
tw een C 3 and C 4 ecosystem s are recorded  in 8 13C values 
o f SOM  (B alesdent and M ario tti 1996, B outton 1996, 
Tieszen et al. 1997), soil carbonates (Cerling and Quade 
1990), and silica bodies (K elly et al. 1991). These stud­
ies clearly established the utility o f 8 13C analyses for 
quantify ing C 3/C 4 grassland  dynam ics and m ovem ents 
in fo rest-g rasslan d  boundaries, especially  in tropical 
and sub trop ical ecosystem s w here recen t vegetation  
changes are m ost com m on (e.g., K apos e t al. 1993, 
M cPherson et al. 1993, M ario tti and P eterschm itt 1994, 
V ictoria et al. 1995, D esjardins et al. 1996, Schw artz 
et al. 1996, B outton et al. 1998). In these instances, 
8 13C values have prov ided  un ique inform ation that 
could  no t have been obtained  from  pollen  and packrat- 
m idden records. Yet these 8 13C observations also po in t 
to a challenge w hen in tegrating  carbon flux in fo rm a­
tion, since SOM and flux 8 13C values need no t be the 
sam e during transitional periods (N eill et al. 1996, 
R ochette and F lanagan 1997, B uchm ann and E h lerin ­
ger 1998). An inheren t constra in t on 13C data in terp re­
tation  is that reca lc itran t SOM com ponents have m uch 
longer tu rnover ra tes and po ten tia lly  d ifferen t 8 13C val­
ues than com ponents w ith  faster turnover rates. Thus, 
one should no t expect the carbon iso topic com position  
o f soil C O 2 efflux and SOM  to be the same.

B alesden t and M ario tti (1996) recognized  this con­
strain t and show ed that the ra te  o f change in 8 13C values 
d iffered  am ong partic le-size  fractions, w hich are 
thought to rep resen t d ifferen t stages o f  SOM  oxidation. 
They show ed that fo llow ing 13 years o f m aize cu lti­
vation , the 8 13C values o f 2 0 0 -2  000 ^ m  topso il par­
ticles had becom e 10%o m ore enriched  in 13C, w hereas 
0 - 1 0  ^ m  partic les had becom e enriched  only  by  2%o. 
On a decadal scale, agricu ltu ral d isp lacem ent o f  native 
ecosystem s, ag ricu ltu ral crop ro tation  patterns, and for- 
est-to -pasture  conversions have all been show n to have 
a substantial im pact on 8 13C SOM and on 8 13C values o f 
soil C O 2 efflux (Schim el e t al. 1994, B alesden t and 
M ario tti 1996, N eill et al. 1996, R ochette  and F lanagan 
1997, B uchm ann and E h leringer 1998). G iven the ex ­
tensive fo rest-to -pastu re  and g rassland-to-crop  con­
versions (IPCC 1996) and the frequent agricultural 
p rac tice  o f in terannual C 3- C 4 crop ro tations in tem ­
perate  reg ions (C ox and A tkins 1979), it is possib le
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Fig. 2. The carbon isotope ratio of soil carbon dioxide 
efflux throughout the growing season for a fallow, control 
plot that previously had a C3 vegetation, a plot where corn 
(C4) has been planted and the previous year the plot had been 
fallow, a field allowed to remain fallow but which had pre­
viously had corn (C4) growing on it, and a field that had 
previously had corn growing in it and again is cropped with 
corn (L. B. Flanagan, un p ub lished  da ta ).

that significant fractions o f  the land surface in tropical, 
subtropical, and tem perate reg ions m ay exh ib it a d if­
ference betw een the 8 13C values o f  SOM  and soil C O 2.

The inpu t 8 13C value o f  roots o r falling litte r d irectly  
influences 8 13C SOM,, bu t does not allow  fo r im m ediate 
quantification  o f  the d isequ ilib rium  factor. U nderstand­
ing the ra te  o f  decom position  o f  p lan t litte r inputs is 
particu larly  im portan t in ag ricu ltu ral soils w here there 
has been a C 3-to -C 4 conversion, such as conversion  to 
trop ical pastures and corn, m illet, o r sorghum  crops. 
C onsider the 8 13C values o f SOM  and soil C O 2 efflux 
associated  w ith  land-use change such as p lan ting  of 
corn (C4) on a soil tha t developed exclusively  from  C 3 

organic inputs (Fig. 2). The 8 13C values o f corn 
( —11.8%o) and C 3 SOM  ( —25.7%o) p rov ide an exam ple 
o f  large 8 13C differences betw een SOM  and soil C O 2 

efflux w ith in  a particu lar soil (R ochette  and Flanagan
1997). C onsequently  curren t au totrophic resp iration  is 
quantifiable by changes in the 8 13C values o f  the soil 
C O 2 efflux. R espiration  from  plots w ith corn resu lted  
in C O 2 w ith  a 8 13C value m ore enriched than that o f 
m icrobial resp iration  b reak ing  dow n C 3 organic matter. 
W hen a C4 crop is in place, the 8 13C values o f  soil C O 2 

efflux are — 17.5%o to — 18.5%o, w hile the 8 13C values 
o f  soil C O 2 efflux from  the tw o fallow  soils rem ained 
at — 20%o (C 4 ^  fallow ) and — 22.5%o (C 3 fallow  ^  
fallow ). R ochette  and F lanagan (1997) calculated  that 
the C O 2 resp ired  by the roo t and rh izosphere  w as ~ 55%  
o f to tal so il C O 2 efflux, an am ount equ ivalen t to 24 ­
35% o f crop net C O 2 assim ilation  during m ost o f the 
grow ing season. H ere 8 13C analyses to d irectly  assess 
flux com ponents are m ost useful in help ing to clarify  
the d ifferences betw een curren t soil flux com ponents 
from  curren t SOM  values. In these transitional eco­

system s, w e expect to see the g rea test seasonal changes 
in the 8 13C values o f soil C O 2 effluxes as the con tri­
bu tions o f the cu rren t and h is to rica l vegeta tion  p re ­
dom inate  during d ifferen t seasons. A bandoned pastures 
in trop ical reg ions rep resen t the opposite  situation 
w here the land-use reversion  w as C 4 to C 3, bu t the 
d ifferen tia l 8 13C effects on soil C O 2 efflux w ere sim ilar 
(N eill et al. 1996).

T he challenge o f estim ating  the 8 13C o f  so il C O 2 

efflux in the face o f land-use changes, especially  in 
crop ro tation  system s w ith  C4 corn ( —12.8%o) and C 3 

alfalfa  ( —28.2%o), is com pounded  w hen soil C O 2 efflux 
rates are crop dependent. B uchm ann and E hleringer 
(1998) observed  that soil C O 2 efflux rates w ere h igher 
in a lfa lfa  (9.4 ^m o l-m —2-s—1) com pared to corn (2.8 
^m o l-m —2-s—1) stands. A t the sam e tim e, they  observed  
that a fter cultivation  o f  corn on the sam e p lo t for 2  yr 
and alfalfa  on a p lo t fo r 5 yr tha t 8 13C SOM values in the 
upper 5 cm  w ere — 15.0%o and —23.6%o, respectively. 
Y et the 8 13C values o f C O 2 efflux w ere indistinguish- 
a b le :—22.8%o for cu rren t C 4 and  —22.3%o for current 
C 3 stands. Thus, for the p lo t w ith  a C 4 crop, 62% of 
the C O 2 efflux w as associated  w ith the prev ious C 3 

crop, w hereas for the p lo t w ith the curren t C 3 crop, 
only  35% o f the C O 2 efflux w as associated  w ith  the 
p rev ious C4 crop.

C hanging dynam ics in C 3 and C 4 vegeta tion  types o f 
bo th  ag ricu ltu ral and forest/pastu re  ecosystem s w ill in ­
troduce additional uncertain ty  into g lobal carbon flux 
estim ates. T his is an im portan t po in t to re itera te , be­
cause as a first approx im ation  for estim ating b iospheric 
C O 2 fluxes, it is tem pting to substitu te  the m ore easily  
m easured 8 13C value o f cu rren t vegeta tion  or o f  SOM 
for the harder-to -m easure 8 13C value o f soil C O 2 efflux.

E levated  C O 2 studies rep resen t a d isequ ilib rium  sit­
uation  betw een soil C O 2 efflux and SOM  8 13C values. 
Y et this d isequ ilib rium  can be used to better understand 
partition ing  o f  the below ground  flux com ponents. Lin 
et al. (1999) m easured bo th  carbon and oxygen iso tope 
ra tios and soil C O 2 efflux d irectly  com ing o ff the soil 
surface in o rder to estim ate  the three soil com ponents 
contribu ting  to the overall soil C O 2 efflux (Fig. 3). In 
their study, 4-yr-o ld  D ouglas-fir saplings w ere grow n 
under contro lled  conditions w ith  elevated  C O 2 and e l­
evated  air tem perature  treatm ents in all four com bi­
nations. The use o f a 13C -labeled  C O 2 (source o f ap­
p rox im ately  — 35%o in con trast to the — 8%o under ou t­
side grow th conditions) resu lted  in new  roo t m aterials 
w hose 8 13C values w ere 8-10%o m ore negative than the 
am bien t treatm ents (open circles, Fig. 3). As a result, 
the 8 13C values o f roo t resp iration  under elevated  C O 2 

treatm ents should have been 8- 10 %o m ore negative 
than that o f  the am bien t contro l p lo ts. The 8 18O values 
o f  w ater (and therefore  also o f  C 18O 16O) varied w ith 
depth  in the soil profile  (Tans 1998). L itter soil w ater 
w as evaporatively  enriched, bu t soil w ater deeper than 
10 cm  depth  w as not. L in et al. (1999) cap ita liz ing  on
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Fig . 3. (A) Carbon and oxygen isotope ratios of carbon 
dioxide from roots, litter, and soil organic matter for a 
terracosm w ith plants grown under combinations of ele­
vated atmospheric carbon dioxide and temperature. Soils 
were from a Douglas-fir forest. (B) Calculated soil carbon 
dioxide efflux rates for soils grown under a combination 
of ambient and elevated air temperatures and atmospheric 
carbon dioxide levels. The figure is modified from Lin et 
al. (1999).

these d ifferences in soil w ater m easured the 8 13C and 
8 18O in soil C O 2 efflux (closed circles, Fig. 3) and then 
used the d ifferences in 8 13C and 8 18O values in soil C O 2 

efflux com ponents to partition  the overall efflux into 
its various com ponents (Fig. 3, right). L itte r decom ­
position  dom inated  the soil C O 2 efflux, in part because 
o f the young age o f the trees (and therefore  lim ited  
overall b iom ass) in th is reconstructed  experim ental 
ecosystem . T he elevated  C O 2 treatm ents exhibited  
greater roo t resp iration  rates as have been observed  in 
m ore trad itional soil efflux studies. T he value o f  iso­
topes in this analysis w as quantify ing  changes in the

sm all-com ponent roo t resp iration  signal from  the m ore- 
dom inant litte r decom position  signal in response  to 
changes in soil tem perature  and /o r elevated  C O 2 trea t­
m ents.

13C E n r ic h m e n t  o f  SOM  in  C 3 E c o s y s te m s

8 13C differences betw een soil and vegeta tion  are ex ­
pected , even in the absence o f the extrem e case o f C 3/ 
C4 conversions. O ne o f the m ost com m on observations 
in C 3 ecosystem s is a p rogressive  en richm ent in 8 13C 
values associated  w ith  litte r decom position  and sO M  
oxidation  (Fig. 4). I t is no t uncom m on w ith in  a forest 
ecosystem  to see a 1-3%o enrichm ent in 8 13C values 
betw een le a f litte r and old (deeper) sO M  (N adelhoffer 
and F ry  1988, B alesden t and M ario tti 1996, B outton
1996, B uchm ann e t al. 1997&). B uchm ann et al. 
(1997b) observed  that the ex ten t o f  13C enrichm ent in 
SOM  w as no t a function  o f  8 13Cp input values, but 
instead w as positively  co rrelated  w ith soil m oisture, 
suggesting  that som e aspect o f  decom position  w as in ­
fluencing 13C enrichm ent.

L eaf litte r and sO M  8 13C values have been inves­
tigated  across a b road  range o f  ecosystem s (B alesdent 
e ta l . 1993, B alesden t and M ario tti 1996, B outton  1996, 
B ird  e t al. 1996, B ird  and P ousai 1997). The B alesden t 
et al. (1993) observations are  consisten t w ith  each o f 
the o ther studies and are particu larly  instructive; they 
observed  a general linear re la tionsh ip  betw een lea f lit­
ter and SOM  8 13C values (Fig. 5). H ow ever, B alesdent 
et al. (1993) noted  that in o rder to obtain a 1:1 re la ­
tionship  betw een 8 13C values o f litte r inpu t and ob­
served 8 13C values o f soil carbon, an offset correction 
factor w as requ ired  that w as re la ted  to the soil carbon 
content. In  their studies as in o thers, there appeared  to 
be a p rogressive en richm ent in soil 8 13C values am ong 
C 3 ecosystem s negatively  re la ted  to residual so il carbon 
content.

T he progressive  13C enrichm ent in SOM  is m ost ev ­
iden t w hen exam ining soil depth profiles (Fig. 4) and 
is thought to be related  to decom position , w hich  is 
defined here as the sum  o f  litte r decom position  and 
hum ification (i.e., hum us form ation). The hum us frac­
tions (i.e., hum ic acids, fu lv ic acids, hum ins) can also 
d iffer in their 8 13C values, com pared to the bu lk  soil 
8 13CSOM values (N issenbaum  and S challinger 1974, De- 
ines 1980). Even though  the abso lu te  SOM  content 
decreases w ith depth (Jobbagy and Jackson 2000), the 
8 13C values o f the rem ain ing  SOM  w ithin C 3 ecosys­
tem s all tend to increase w ith  increasing  soil depth. It 
is w ell accepted  tha t organic m atter partic le  size de­
creases w ith  depth  and tha t SOM  at depth  is in a m ore 
advanced stage o f decom position  as w ell (M elillo  et 
al. 1989, Sch lesinger 1997). T hus, changes in 8 13C val­
ues o f SOM  occur during decom position  tha t m ay be 
useful in estim ating tu rnover ra tes o f soil carbon (Bal- 
esdent and M arrio tti 1996, B ernoux  e t al. 1998).

Yet the m echanistic  basis for this 8 13C -enrichm ent
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observation  in soil carbon has been the subject o f con­
troversy  for the past tw o decades. U nderstanding the 
factor(s) leading to a change in soil 8 13C values is a 
critical step in deciphering  soil carbon processes and 
inferring  tu rnover ra tes o f soil carbon. Four hypotheses 
have been d iscussed  in the literatu re . We expand on 
the fourth  hypo thesis, w hich is consisten t w ith the 
availab le  data, and, if  correct, suggests w hy SOM  m ight 
exh ib it d ifferen tia l 13C enrichm ent am ong ecosystem s.

H y p o th e s is  1: in f lu e n c e  o f  a tm o s p h e r ic  c h a n g e .—  
The 8 13C ra tios o f  a tm ospheric C O 2 have been decreas­
ing since the daw n o f the Industria l R evolu tion  because

o f  the com bustion  o f  13C -depleted  fossil fuels (Friedli 
et al. 1987, T rolier e t al. 1996). S ince SOM  at deeper 
soil depths is o lder (Trum bore 2000 ), the carbon in 
these deeper soil layers should have o rig inated  at a tim e 
w hen the 8 13C values o f a tm ospheric C O 2 w ere m ore 
positive. U sing this analogy, 8 13C SOM values in deeper 
horizons should be  heavier re la tive  to surface litte r 8 13C 
values. I f  so, know ing the d ifferences in 8 13C values 
betw een surface and low er layer SOM  values m ight 
then be  used as a m eans to estim ate  soil carbon turnover 
ra tes, assum ing o ther factors did no t also influence 
8 13C SOM values (B alesdent and M arrio tti 1996, B ernoux 
et al. 1998). H ow ever, the decrease in the 8 13C ratios 
o f  a tm ospheric C O 2 has been approxim ately  — 1.3%c 
betw een 1744 and 1993 (F ried li et al. 1987, Trolier et 
al. 1996), w hich is m uch sm aller than the typ ical 8 13C 
differences o f up to 3%o observed  in soil profiles. At 
this po in t, it is debatab le  how  m uch o f  the 8 13C values 
o f  SOM  in soil profiles can be  a ttribu ted  to changes in 
the 8 13C o f atm ospheric  C O 2 vs. o ther p rocesses de­
scribed below , bu t the hypothesis that all the change 
is the resu lt o f atm ospheric  influences clearly  results 
in m iscalculation  o f soil carbon tu rnover rates.

H y p o th e s is  2 : m ic r o b ia l  f r a c t io n a t io n  d u r in g  l i t te r  
d e c o m p o s i t io n .— If  m icrobial reactions preferen tia lly  
used  ligh ter (i.e., 13C depleted) carbon sources in m et­
abolic reactions associated  w ith litte r decom position  
and SOM  oxidation , then the residual SOM  should be­
com e p rogressively  m ore positive in its 8 13C values. 
R ayleigh  d istilla tion  analyses are frequently  used to 
quantify  the k inetic  or enzym atic  fractionation  asso ­
ciated  w ith a process. P lo tting  8 13C SOM values vs. the 
natural logarithm  o f SOM  concentration  has often re ­
vealed  linear re la tionsh ips, consisten t w ith the notion 
o f  a sm all fractionation  against 13C -contain ing  com -
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T ab le  1. Carbon isotope ratios (813C) of earthworms and fungi raised on different media and 
substrates. These data reveal a tendency for 13C enrichment of the organism relative to its 
substrate.

Organism 813Corganism (%«) 813Csubstrate (%«) Source

Basidiomycetes (soft rot fungus) — 22.7 — 25.3 Gleixner et al. (1993)
Basidiomycetes (white rot fungus) — 23.0 — 25.5 Gleixner et al. (1993)
M illso n ia  anom ala  (earthworm) — 11.8 —12.8 Martin et al. (1992)

— 23.5 —27.8

pounds as SOM  is m etabolized  in soils (e.g ., N adel- 
hoffer and F ry  1988, B alesden t and M ario tti 1996, 
H ogberg and E kblad 1996). H ow ever, there is no direct, 
com pelling  ev idence o f m icrobial fractionation  during 
SOM  breakdow n. In fact, Lin and E h leringer (1997) 
recen tly  p rovided d irec t experim ental ev idence that 
there w as no m itochondrial fractionation  during re s­
piration  in au to trophs and presum ably  the sam e w ill 
occur in heterotrophs. B alesden t and M ario tti (1996) 
also noted  tha t w ith  existing  8 13C SOM and [SOM ] data, 
it is no t possib le  to d istingu ish  am ong m icrob ial frac­
tionation  factors (hypothesis 2 ) and soil m ixing (hy­
pothesis 4).

H y p o th e s is  3 : p r e f e r e n t ia l  m ic r o b ia l  d e c o m p o s i t io n  
o f  l i t te r  a n d  S O M .— Indiv idual p lan t com pounds can 
vary  by  as m uch as 10%o in their 8 13C values (O ’L eary
1981, Schm idt and G leixner 1998). I f  SOM  com po­
nents w ere d ifferen tia lly  d igested  by  m icrobes, this 
could po ten tia lly  contribu te  to the observed  trends o f 
increased  8 13C SOM values w ith depth. W hile it is com ­
m only  observed  that lignin:C  ra tios increase as SOM 
conten t decreases (M elillo  et al. 1982), th is m echanism  
is unlikely  to explain  observed  changes in the 8 13C SOM. 
L ignins are actually  ligh ter than bulk  lea f values 
(O ’L eary  1981, Schm idt and G leixner 1998) and so the 
trend tow ard increased 13C in residual SOM  is opposite 
to tha t expected if  the trend w as due to a re la tive in ­
crease in lignin  concentration  o f SOM.

H y p o th e s is  4 :  s o i l  c a r b o n  m i x i n g .— B oth  W edin et 
al. (1995) and B alesden t and M ario tti (1996) suggested 
that there w as m ixing o f  new  and o lder SOM  com ­
ponents during soil carbon loss and as a resu lt 8 13C SOM 
values shifted  during decom position . W e suggest that 
m icrobial and fungal carbon residues account for the 
observed  13C enrichm ent in residual SOM . A lthough 
m icrobes and fungi are no t likely  to fractionate  sig­
nificantly  against 13C during resp ira to ry  m etabolism , 
no t all o f the m icrob ial and fungal carbon is necessarily  
derived d irectly  from  the decom posing soil organic 
matter. W e expect that the 8 13C values o f  m icrobes and 
fungi should be heavier than the ir food source as a 
resu lt o f  carboxylation  reactions. This is because  w hen­
ever a carboxylation  reaction  is involved in catabo lism  
that C O 2 m olecu le  is likely  to have orig inated  from  the 
soil a tm osphere , w hich is 13C heav ier than the 13C con­
ten t o f the organic m aterials being decom posed (Cer-

ling et al. 1991). In fact, the C O 2 rem ain ing  in the soil 
that surrounds a m icrobe/fungus is expected  to be 4.4%c 
heavier than the m etabolically  p roduced C O 2 from  de­
com position  a t tha t location . Even if  only a sm all frac­
tion (for exam ple 5% o f  the to ta l b iom ass) o f  the m i­
crobe/fungus carbon w as derived in this m anner, its 
8 13C value w ould  be  enriched  by 1-1.5%o re la tive  to 
its substrate. L iterature observations strongly  suggest 
that invertebrates, m icrobes, and fungi are enriched in 
their 8 13C values re la tive  to their substrate (Table 1; 
M acko and Estep 1984). If  there  is a general trend for 
the rem ain ing  SOM  to becom e p rogressively  enriched 
w ith m icrob ial/fungi derived com ponents over tim e, 
then w e w ould expect tha t the residual SOM  m ust also 
becom e 13C enriched as a result. A t this poin t, there 
are insufficient data to know  w hether o r not this trend 
w ill be  m aintained in soils from  C 4 ecosystem s.

O verall, w e believe  tha t the observed  changes in 
8 13CSOM values over tim e and w ith depth  in C 3 ecosys­
tem s are the resu lt o f  m icrob ial incorporation  as a p ro ­
gressively  m ore significant com ponent o f  the residual 
SOM  (hypothesis 4) and the Suess effect (hypothesis
1). N either hypothesis alone can explain the entire 
range o f  8 13C SOM values in a single ecosystem , bu t to ­
gether p rov ide a testab le  in terpre tation  that m ay shed 
new  ligh t on the p rocesses influencing soil carbon dy­
nam ics. F urther experim entation  is critical to testing 
this hypothesis, bu t it is essen tia l to understand the 
basis o f  13C variation  in soils if  these data are to be 
correctly  in terpre ted  in carbon cycle  studies. W e feel 
that hypothesis 2  is no t supported by any d irec t ex ­
perim ental ev idence, such as m easurem ents o f evolved 
C O 2,, and that existing  ev idence indicates that there is 
little  o r no fractionation  during m etabolism . H ypoth­
esis 3 is no t supported by the availab le  data, w hich 
ind icate  that the very  com pounds tha t are 13C heavy 
(such as cellu lose) are no t am ong those com ponents 
that becom e part o f the o lder m ore recalc itran t soil 
carbon pool.

G l o b a l  8 13C P a t t e r n s  o f  SOM  a n d  F R-soil

W hile  a g lobal data  set o f  so il 8 13C values does not 
yet exist, the existing  lite ra tu re  c learly  reveals that the 
8 13CSOM values need no t rem ain  constan t across geo­
graphical transects. S trong la titud inal grad ien ts in C 3/ 
C4 com position  occur across g rasslands th roughout the
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Fig. 6 . Patterns of carbon isotope ratio of soil organic matter for grassland and forest ecosystems along elevation and 
latitude transects. The figure is based on data presented in Bird and Pousai (1997) and Tieszen et al. (1997).

w orld  and  are linearly  corre la ted  w ith  grow ing season 
tem pera tu re  (E hleringer et al. 1997, Sage and  M onson 
1999). C onsequently , C4-dom inated  grasslands occur 
a t low er latitudes, w hile C 3-dom inated  grasslands occur 
a t h igher la titudes (Fig. 6 ). S im ilar aboveground  C 3/C 4 

grad ien ts ex ist along elevational transects, m irroring 
the  changes in tem perature  w ith  elevation  (B ird  et al. 
1994, T ieszen e t al. 1997). W hen long-term , C 3/C 4 po ­
ten tia l p rim ary  p roductiv ity  data  and § 13C SOM data are 
compared, a significant correlation existed betw een both 
param eters along la titud inal g radients across the G reat 
P lains o f N orth  A m erica (T ieszen e t al. 1997). T he 8 13C 
values of C 3 and  C4 end m em bers along these gradients 
w ere —25.5%o and — 14%o, respectively . G rassland 
8 13C SOM data from  B ird  and  Pousai (1997) ex tend  these 
grassland  observations to low er la titudes and  show  the 
continued  p revalence o f  the  C 4 g rassland  § 13C SOM values 
in trop ica l latitudes. L atitude and  elevation  are to a 
large degree in terchangeable. As a resu lt, along the 
elevational transect in Papua N ew  G uinea, B ird  e t al. 
(1994) observed  a sim ilar pattern  as w as seen in the 
la titud inal g rassland  gradients: along these  elevation  
grad ien ts (0 -4 0 0 0  m) C 3 and  C 4 end  m em bers w ere 
—26%o and  — 13%o, respectively . To the ex ten t that 
these  g rasslands have no t been  im pacted  by  land-use 
changes, it is reasonable  to assum e that 8 13C values of 
aboveground  and soil C O 2 fluxes w ill be sim ilar, once 
co rrected  for soil tu rnover effects described  previously.

In  contrast, B ird  e t al. (1996) and  B ird  and Pousai 
(1997) have show n th a t there  is lim ited  varia tion  in 
‘‘co rrec ted ’’ § 13C SOM values o f forest ecosystem s across 
a 0 -7 0 °  la titud inal transect (Fig. 6 ). T he correction  
factor e lim inated  the 1- 2%o effect associated  w ith 
‘‘o ld ’’ reca lc itran t SOM  (B ird  et al. 1996), w hich is 
no t a significant com ponent o f soil C O 2 efflux. As a 
consequence, the 8 13C values o f C O 2 effluxing from  
soils are expected  to vary  by ~  14%o as a function  of 
bo th  ecosystem  type  and  latitude. In h igh-la titude  eco­

system s, there  is only  a sm all d ifference  in  the  8 13C 
values o f soil CO 2 efflux from  d ifferen t ecosystem s.

C o n c lu sio n

W hile  the theo ry  describ ing  aboveground  13C frac­
tionation  events in eco log ical system s has been devel­
oped, less is understood  about be low ground  13C frac­
tionation  events, and the in teg ra ted  database tha t w ill 
allow  us to fully  incorporate  soil C O 2 flux data into 
carbon cycle  m odels is still lacking. U ncertain ties in 
the estim ates o f  8 13C values in various pools m ay tran s­
late into in ferred  CO 2 flux d ifferences, creating  the need 
for a g lobal database o f soil and vegeta tion  8 13C flux 
data. U nansw ered  questions rem ain  th a t m ust be ad­
d ressed  before  8 13C analyses can be fu lly  app lied  to 
soil tu rnover studies. In particular, w e need a be tter 
understanding of the  m echanism (s) leading to 13C en­
richm ent in SOM . N evertheless, it is c lear th a t 8 13C 
analyses w ill p lay  a cen tral ro le  in carbon flux studies 
as efforts are m ade to understand  the  m agnitudes of 
CO 2 flux com ponents across eco log ical scales.
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