
where bison ivere excluded. there \vas a 
negative relation between abundance of 
iorhs and tire t reqt ienc~.  In contrast, there 
was a positlr-e relation bet\\-een fire frequen- 
C T  and torb abllnclance on n.aterslieds that 
\\-ere grazed by bison (Fig. 1). Thus, grazing 
increaseii the abundance o t  torbs under 
conLlitions that nould otherii-ise promote 
iiolliinance by C4 grasses and loner species 
diversity. 

,Although hurning 1s essential to main- 

ram tallgrass prairie ( l5),  flre alone is not a 
sutticient managen-~ent solution for restor- 
Ing prairie bioLl~versity as sollie have pro- 
p0sed (16 ) .  hlore frequent fires are now 
liredecl to resist in\~asion b\- exotics and 
n-oodl- species in remaining grasslalid fiag- 
ments ( 1 6 ) ,  but as shown liere freiluelit 
h~lrnlng dramatically increases the  <lomi- 
liance o t  C+ grasses and reduces plant spe- 
cies i l i~ersity ( 1  7). Whereas tire is used as a 
conservation tool throughout ln~ ich  of the  
tallgrass region, the use of yraring b\- bison 
or cattle as a management tool tor main- 
tainlng species diversity is less cornmoll 
(18 ) .  Yet herbivores such as bison histc>ri- 
call7- served as keystone species in tallgrass 
ecosystems l~ecause the\- reduced the corn- 
petitir-e ~ l o m ~ n a n c e  of the  C4 grasses, in- 
creased llal>itat heteroyeneitv, and ill- 
creaseJ species d1r:ersitl- (1 9) .  

O n e  consequence of anthropogenically 
dri\-en global change has been the estinc- 
tion or dramatic reiluction in populations of 
keystone species (2) .  T h e  role that k q -  
stone species play in cornmunit\- structure 
a:-id ecosl-stem filnctioliing is non- a-idely 
recognized (21 ) .  In some systems, loss of a 
keystone species ma)- decouple the critical 
interplay between trophic interactions and 
comml~nity structure (23) .  Our  research 
dellionstrates that by adding or maintaining 
t ~ p - d o \ ~ . n  forces such as grazing, at least in 
ecos\;stems like grasslands that were attect- 
e J  historically by keystone h?rhivores (22) ,  
diversity in nati1.e  eyet tat ion can l ~ r  r r -  
rained under conditions that 14-ould otl-ier- 
\vise lead to a decline in species richness. 
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Anterior Cingulate Cortex, Error Detection, and 
the Online Monitoring of Performance 

Cameron S. Carter," Todd S. Braver, Deanna M. Barch, 
Matthew M. Botvinick, Douglas Noll, Jonathan B. Cohen 

An unresolved question in neuroscience and psychology is how the brain monitors 
performance to regulate behavior. It has been proposed that the anterior cingulate cortex 
(ACC); on the medial surface of the frontal lobe, contributes to performance monitoring 
by detecting errors. In this study. event-related functional magnetic resonance imaging 
was used to examine ACC function. Results confirm that this region shows activity during 
erroneous responses. However, activity was also observed in the same region during 
correct responses under conditions of increased response competition. This suggests 
that the ACC detects conditions under which errors are likely to occur rather than errors 
themselves. 

-- . -,, - w 

I t  has been proposecl that the  A C C  plays a 
prominent role in the  executi\-e control o t  
cognition ( 1 ) .  This hypothesis is based, in  
part, o n  fiirictional neuroimaging studies 
that show ACC actir-ity during tasks that 
engage selective a t tent i i~n.  \i:orking memo- 
ry, language generation, and controllei1 in- 
forlnation processing (2 ) .  Disturbances in  
this braiin region have been reported in  
disorders associatecl n.ith co~n i t i r - e  imuair- 
Inent, including schizophrenia and depres- 
sion (3) .  This account of ACC fi~nct ion is 

col-isistent with the  rich anatoniical con- 
nectivity of this region with association, 
limbic, and motor cortices (4) However, it 
is lacking in  detail regarding the  precise 
contribution of the  ACC to cognitive 
control. 

T o  date,  the  lllost explicit hypothesis 
regarding ACC fiuliction comes froin 
event-related brain potentla1 (ERP) stud- 
les during speeded response tasks. These 
s tud~es  have reported a n  error-related neg- 
a t ~ v i t y  (ERN), peaking 190 to  159 ms after 
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a person shows electromyographic evi- 
dence of initiating an incorrect response. 
Dipole modeling suggests that the ERN 
has a medial frontal generator, possibly 
the ACC (5). These and other character- 
istics of the ERN have led to the hypoth- 
esis that the ACC is involved in monitor- 
ing and compensating for errors. Specifi- 
cally it has been proposed that this in- 
volves a comparator process in which a 
representation of the intended, correct re- 
sponse is compared to a representation of 
the actual response (5, 6). 

We propose that rather than imple- 
menting a comparator process, the ACC 
monitors competition between processes 
that conflict during task performance. For 
example, response competition arises when a 
task elicits a prepotent but inappropriate 
response tendency (manifested as activity 
in the incorrect resDonse channel) that 
must be overcome to perform correctly. 
These conditions are also more likely to 
elicit incorrect responses, possibly ac- 
counting for the relationship of ACC ac- 
tivity to errors. However, our hypothesis 
predicts that response competition will ac- 
tivate the ACC even when a correct re- 
sponse is made. The present study em- 
ployed event-related functional magnetic 
resonance imaging (fMRI) to accomplish 
two goals. First, we sought to test the 
hypothesis, suggested by ERN studies, that 
the ACC shows error-related activitv. 
More important, we also sought to test our 
alternative hypothesis regarding the func- 
tional significance of the ERN and the 
performance-monitoring function of the 
ACC. 

Thirteen people underwent fMRI (7) 
while performing variants of the Contin- 
uous Performance Test (AX-CPT) (8) 
that were designed both to increase error 
rates and to manipulate response compe- 
tition (Fig. l )  (9). We observed a tran- 
sient increase in ACC activity (10) occur- 
ring during incorrect responses (1 1 ) (Fig. 
2). However, as predicted by our hypoth- 
esis, greater ACC activity was also seen 
during correct responses, under conditions 
that elicited greater response competition 
(1 2). We interpret these results as suggest- 
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ing that the contribution of the ACC to 
performance monitoring may be the detec- 
tion of response competition rather than 
detection of errors per se. Sensitivity to 
response competition should also produce 
error-related effects. because error trials 
are often likely to be those in which ac- 
tivitv in the incorrect resDonse channel 
competes with, and prevails over, activity 
in the correct response channel. 

To determine whether error and com- 
petition effects were specific to the ACC, 
we used two additional analyses. First, we 
examined error- and competition-related 
effects in three other regions of interest 
(ROIs) previously shown to be activated 
by stimulus degradation (two right inferior 
frontal regions and a right striatal region) 
(8). We observed error-related activity in 
one right frontal region (BA 44/45), but 
neither this nor the two other ROIs 
showed competition effects (13). Next, we 
examined error and competition effects in 
an exploratory analysis of all brain regions 

scanned (14). Three regions in addition to 
the ACC showed significant transient in- 
creases in activity associated with errors. 
These were the right (BA 9) and left (BA 
4619) dorsolateral prefrontal cortex and 
the left premotor cortex (BA 6). However, 
none showed significant effects of re- 
sDonse com~etition. 

Our reconceptualization of ACC activ- 
ity as being related to response competi- 
tion, rather than errors per se, has a num- 
ber of important implications. First, it 
links the wealth of literature concerning 
the role of this region in higher level 
cognition [including the hypothesis that it 
is involved with late selection or "atten- 
tion to action" ( I ) ]  with the ERP litera- 
ture suggesting that it is responsive to 
errors. In particular, it reconciles the ob- 
servation that reliable ACC activation is 
observed in some tasks that are associated 
with low error rates, such as the Stroop 
task and verbal fluency (15, 16). Second, 
it is computationally parsimonious. A 

Trial 
Events 

A or B XorY  
ISC 9.5 s I Ill - 9.5 s 

Scanning 
Sequence 1 
Fig. 1. The AX-CPT task. Stimuli were presented centrally on a visual display projected into the scanner 
[duration of cue and probe, 0.5 s; duration of interstimulus interval (ISI), 9.5 s; and duration of intertrial 
interval (ITI), 9.5 s]. Trials occurred as sequences of cue-probe pairs. Stimuli were either degraded or 
nondegraded letters, presented as cue-probe pairs. Eight time-locked scans were acquired during each 
20-s trial, one every 2.5 s, and included sufficient time for the MRI signal to decay to baseline after 
transient response-related activity. 

Fig. 2. The location of 
the region of the ACC 
(BA 24/32) and its asso- 
ciated effects. On the 
left, the functional image 
from the confirmatory 6 6 7 8  

analysis of the 39-voxel 
ACC ROI (yellow) is ren- 
dered onto a three-di- 
mensional structural MRI 
image for anatomic visu- 
alization. On the rlght, t BY 

the temporal dynamics 
of activity in this region b ~ l l ~ l ~ m  
are shown for both the 
error and the trial-type effects, plotted as percent change from the mean MRI signal for each condition. 
Error bars indicate the standard error of the mean. The error effect (observed as an error x scan 
interaction during the degraded condition) occurred during the time of response as a transient increase 
in activity on incorrect trials. The competition effect (observed as a cue x probe x scan interaction) is 
shown only for correct trials and also occurred during the time of response. A translent Increase in 
activlty was found for trials with high response competition (AY and BX) relative to trlals with low 
competition (AX and BY). 
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comparator t~u l~c t ion  requires the  *4CC to 
llave access to  revresentations of intenL1ed 
states (for e s a ~ n p l e ,  the  correct act ion)  as 
xe l l  as the  outcome of processing, a-liereas 
detection of cornpetltion re~lulres only 111- 

formation aboiut the  state of the  response 
system. 

This stiudy fi)ciusecl o n  *4CC activity as- 
sociateJ vi-ith response competition. T h e  
q ~ ~ e s t i o n  remains ope11 as to wllether tlie 
A C C  is reiponsil-e to competition oldy a t  
this level or is also responsive to competi- 
t ion earlier in  processing. lX~.hicl~e~-er is cor- 
rect, the  present finili~igs demonstrate how 
error-related actil-it\- can occur. n-itllout the  
need for a comparator anil lloiv such activ- 
ity might represent Line instance of a more 
general perhrmance-monitoring functlon 
of tlie A C C .  
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P1~l:os Tra-s 9. Soc. Lo?oor Set ~3 351 - 515 
:-996;]  Error rates I- the zreser-t s t ~ ~ d y  ';!ere a so 
coisistent "wth t h s  ' o r ~ n ~ ~ a t o n ,  creirg rcreased 
'or 3X (mean E.2C3 SE 3 . 6 j c  a i d  AY l r e a i  E.5j3, 
SE 5 - 3 ~ 1  tria types, as zomzared .;!,th AX imean 
I . 5 j ~  SE 0.8j3; a rd  EY (me81 I .DCc, SE 2 0 3 j l  tr'al 
tyzes Pa-i~c pa i ts  also zer'ormed a degradecl 
s tmuus  vers o i  of the task, In the degracled con- 
d t o n  90Cc of the zxe  s %ere rar-dom y removed 
'I-om the s t i m u  I a zrev'ous s t ~ ~ d y  i 6  th s l r a r c -  
 lato tor was 'ourcl to reliably ic rease elror rates 
a i d  to act vate the ACC (hm'ever necause eveit-  
reatecl  neth hods %ere not usecl, t %as not zoss n e  
i o  scec'~cally examlr-e error-reatecl act:v~ty) Par- 
t c  cant per'orriance r the current s t ~ ~ d y  coi'r~mecl 
that errors were greatly icreasecl ur-der st muus 
clegraclat o i  [basere:  1meai = 2.5%. SE = 0.6% 
degracled mean = 2 9 . 8 j ~  SE = 2 . 8 C ~ ,  i ('21 = 

10 5, P i  0.0011 H o ~ e v e r  degraded per'ormance 
renialied s~gn~'cantly above chance [meal  d = 

' 41, SE = 0:3: : : ' 2  = 1.2 P < 0.001]. Tr~als 
I noth cordit ons lasted for 20 s a rd  scan acqu- 
s ~ t  o i  occur*ed i i  ar- evei:-re ated Imanner see F g 

Each cord ' t io i  had fve b ocks o' 0 t r a  s, ,~t,"th 
the ordel co~n te~ l~a la r - ced  across c a l c  pants ,I- 
der both c o i d t o r - s  cart~c~car-ts ,were g ver- s ta i -  
darcl 11-str~ct 'ois to reszond 120th q~lickl: and ac- 
curately Part'c'paits prov'ded !vr tten i fo r lned 
conseit  In accorclance ~ " t l i  the I ist~tut~onal Revel'! 
3oard at the ?In veis ty o' P ttsburgh. 

- 0 .  Data were ar-alyzecl ~ ' t l i  8 co i f~r~natory  R O  ap- 
proach Curreit 'MR data ,were registered to the 
same refereice b ra1  ~ ~ s e c l  In our crevious s t ~ ~ d y  
(61, a i d  a 33-voxe ACC r e g o i  clent'ed I- that 
stucly ';!as i~secl to precsey de're the 3 0  (Ta- 
lairach coord:iates i. 25, a rd  i 3 ) .  The corfrmato- 
ry ar-a yss  for each RO ',was per'ormed as 'ollol'!~. 
'.?;e conclucted znayses of varance 1AN3'dAsl for 
each voxe ,5t,'~tti~n the R O  to deterr-l ie liol'! many 
slio!vecl s~gn"car-t precl~cted ef'ects iP i 0.051, 
u s r g  the Huynh-Feclt correct or- for i o r i d e z e n -  
de i ce  of lepeated measures. '.?;e ther deterr-l ied 
the kel'hoocl of t h s  I-uliiner o 'voxes showirg a 
slgn "cart e'lect cry cl iarce a o i e .  Th's was 
acheve:! through ivloite Carlo s im~~la t~ons il0,OOG 
tera t 'o is .  r ';!h'ch 13 raidom data sets were j e r -  
eratecl ~correscor-dir-g to the ' 3  cartczants I the 
s t ~ ~ d y  The smoothness o'the e lnz rca  data ,was 
est mated to be 1O.G  mln f l u  !vdth at half max'- 
I n L l l r  I ;S. C For i ia r  et a:. . I iag, l .  9eso1-, ivba 33, 
636 (19951:. a i d  a smooth i g  ke r re  o' these CII- 
~nens io is  was a z p e d  to the s m ~ ~ l a t e d  clata. Ther- 
R O  determlnat o i  a i d  assesslrert o' statlst cal 
s g i ~ ' c a r c e  %ere zerfor~ned I the salne mainer 
as for the elnz r ~ c a  data. A P va Lles reco-ied 'or 
the coi ' r~natory analyses %ere obta'red 'rom 
these s muat o r s .  

11. A task clegraded versus rondegraclecl~ x scar :I -81 
rteractol i  revealed ' 2 of 39 cortguoas voxes ~ ' ~ t h -  
i the ACC R O  that ';!ere sg i i  f ca i t  (P < 0.004) The 

lrair  et;ect o' task ';!as I-ot sigi"icait 0 out of 39 
\!axes). These results zrec sely rez  catecl crev'ous 
'irclrgs with t t is task ( 6 .  The error-ny-scai 'rterac- 
t 01, cooled across degraded arc1 ror-clegraded 
cor-cl't'ois, was high y s g i  i'cait (23 0'39 voxes, P 
i 0.000' I .  3ecause the task x sca i  a i a y s s  d e q -  
onstrated coidt'or-reatecl effects on ACC actvty,  
, . -  also cerformed the erro* araysls us: ig o i  y the 

degraded cord  ton la though this ,educed zol'!er I 
the ar-alysis because ha' o' the images ';!ere re- 
moved~. Ths aialys's reveaed that - 1 out o' 39 
voxes ';!ere sgr-i"cait 'or the error erect :error x 
sca i  irteract o r  P i  0.008;. S m'arly, ';!her wecor-- 
sdered o r y  AX t ras ,  i i  the degraded condt'on - '  

o' 39 voxes sho!ved the error ef'ect iP i 0.0081. 
Act'v'ty ,was 'our-cl to ir-crease d ~ ~ r r - g  the perocl o' 
zrobe reszorse vihei  the 5-s hemociyiam:~ lag 
that urcler les the fivlR sigr-a 's talten i t o  account 
IK. K. Kwor-g e: a/. Pt-oc Wait kcad. Sol. 89, 5675 
: I992 I] 

12. 01 y the base re  AX-CPT!vas ~ ~ s e d  for t hs  aialys s 
as degradat~on s like y to adcl adclit oral varianll~ty 
a i d  zerhazs onscure the efiects o' t r ~ a  type. The 
aialys's reveaecl that " out o' 39 voxes ';!ere sg -  
n~'lcait 'or tlie cornpettion effect (cue X prol3e x 
scar literactlor P i 0.008). Eotii error and tr,al- 
iyze effects occurrecl ';!ith'i the exact sane regor of 
the ACC as 10 o' 39 zxe s were sgnZ'cant 'or both 
effects iP i 0.000-) 

- 3 Tlie acldt o i a  ROs ,were takei frolm O L I ~  earler s t~~c ly  
18). as they hacl also s h m ' i  a s 'gi ' f  ca i t  tas< x scar 
';!thin-tra r t e l a c t o i .  I the current study. 8 out o' 
2- voxes (P i 0 004) Ir EA -5'47 a i d  13 out of 21 
IP < 0.000' ) voxe s n EAL-145 sho!ved a s ig i  'icart 
task x sca i  interaction, agali replicat i g  previous 
results. The efiect d'd l o t  recicate In the stratal R3l 
(rone o'the 10 voxes %ere s gnif~car-t: ;~ve out 0'2' 
voxes in EA 41/45 shaved a s ' g i  ficant error by 
scan Interact o r  iP i 0.03,  nut nore shaved a tl-la- 
tyce effect. None 0'21 voxes In 3A 45/47 s l i w e d  a 
s~gr~f~car-t  error effect, and 3 sho!vecl a tr'al-type 
effect P > 0 05) 

- 4. This aialys s used voxel-by-voxe ANO\/As. !v~th ac- 
cLlracy- 8 i d  rescoise-related scar-!vlthli trial 
:seais 5 th~ough 8 as factors The effects o' re- 
spor-se comzet~t or- ,were also examiied by test i g  
'or slgrl'lcait cue X prone x scar rteractions. Sta- 
t istca l razs o'Frat os for each voxe %ere ca cu at- 
ed, a i d  the threshocl '01- significance ,was set ~ci th 
the use of a c l~~s te r  sze agorthm I!!). ';!hich takes 
accour-t o'ttie scat a extent of z c t 1 ~ 8 t  o r  to correct 
for r u t  c e  comparisons A cluster s'ze of e ght con- 
tguous voxes w:th acha set for each voxe at 0.005 
';!as chosei, correscordirg to false post've rate for 
the e i t~ere  Inage of 0.005 

15. ,. \/ Pardo, J. Parclo. \>!. Janer, N. E. Raiche Pee. 
Waf'. Aoad. Sc; U.S A. 87 256 1990); C S. Cz-ier, 
N ,  ivl ntun, J D Coher- R'eu:o/~rage 2 26- (1995); 
C. D. Fr~th. K. J. Frston P. F. -dcl e, R., S. Frat<- 
o l d  ak, r\!e:i~oos)'o~~o:oga 29. 1 137 : '93- ) .  

' 6. I pre rnl iavj  colrcutat o i a  lroclel i g  ';!ark by our 
group [ivl Eotv~nlc< C. S. Car.er. T. S. 3raver. 
,. C.Coher Techn c a  Repor. PCP.CNS 08.1 (Ceiter 
for the Neural 3as1s of Cogrlt~or-. Carr-ege Nelor  
Ui~versiy,  -998)l. ,r,'e have showi how pe-iormarce 
m o i  toring co~~lc l  occur ny measur'ng comzet'tlor- 
through the zct'v~ty eve  o' crocessng ~ l r l ts .  I thls 
!vork comcet'tion is ir-dexed by the sum of the cair- 
,,t*'se products o'ttie actv'ty eve  of the rescorse  its 
I the model. \)We have examied h o d  ths colncet ton 
rrieaslre mght correscor'cl to ACC activity 11 the AX- 
CPT Stroop, a ~ i d  ster-i colnzetion tasks as ';!ell as 
the behavor o'the ERN I- the Er'<ser- 'laiker task. 

17. \)We grate'u y ackrm'leclge A. Saiders K. F'sse S. 
Forman L. Nystrolr, a i d  A. Herbster 'or the r c o i -  
t r ibutois toyhis crojec:, Th s study was suepol-ed t i  

za-i by graits K08k4H0'30E ard  a NARSAC Yourg 
rvestgator AK'ard to C S C. a rd  13)' R3'  lWH52864 
to J.C.C. 
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