
Irurnul ttl Ctntnrolot\ : PSf CHOI,OGI('AL .tC /l!Nat!..!
1 9 9 6 .  V o l  5 l B .  N o . ' 1 .  P l 6 G P t 7 8

( t \ ) \ r i (ht  1996 ht Tlu,G.ktnkloqict l  t t  i r t |  t ) l  Anrr i&

discovcry that nrost ol ' thc independent age-related ef'fects
occur early in an ordered sequencc would suggest that effects
latcr in thc scquence arc mediated by the earlier effects.
Bccausc thc nra.jority of the interesting age-related in-
l iuenccs in this casc would operatc on the init ial variables, an
outcontc ol 'this typc could bc interpreted as suggesting that
cfl i lrts at cxplanation ol' agc-related eft 'ects would be most
product ivc i t 'd i rected at  thc in f luences occurr ing on the
variablcs carly in thc ordercd scquence.

Anul tscs
Sirnilar analytical proccdures wcre used in analyses of

ordered variablcs representing learning across successive
trials or scssions. l irrgetting across progressively more inter-
vening events, el ' l 'ects of increased stimulus presentation
tinrc, and el'f 'ects ol ' increased task complexity as reflected by
the number of required processing operations. Both correla-
tion coefficients, indicating total age-related effects, and
standardized regression (i.e., semi-partial) coefficients, in-
dicating direct age-related eft 'ects, were computed fbr each
variable in the sequence (see Note 2). In terms of Figure l,
the direct effects correspond to the path coefficients fiom age
to the variable (i.e., paths ri through r/), the indirect el cts
correspond to the product of the paths from age to variable n-
I  ( i .e . ,  a  through r ' ) ,  and the paths f iom var iable n- l  to
variable n (i.e., x through z), and the correlation corresponds
to the sum of the direct and indirect effects. In addition,
because the relative contribution of a particular influence is
often more interesting than merely whether that influence is
significantly diff'erent from zero, an estimate of the percent-
age of mediated age-related variance is also reported for each
variable. The estimate is derived by squaring the coefficients
corresponding to the total and direct age-related effects,
subtracting the latter from the former, and then dividing that
difference by the square of the coefficient representing total
age-related effects. To illustrate, if the correlation coef-
ficient was .5 and the regression coefficient (i.e., the semi-
partial correlation for age after controlling for the previous
variable in the sequence) was .2, the percentage of mediated
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A series of regression analyses wqs conducted to determine which variables in an ord.ered sequence had signiJicant
oge-related eJfects al'ter control of'the itnmediately preceding variable in the sequence. I ndepenient age-retatid effects
in these rypes oJ analyses are particularly interesting because they represent age-relatid influences that aii not
nrcdiated through earlier vsriables. A total of 56 analyses are reported with ordered varfubles representing: (a)
snccessive triols or ssssions in learning; (b) progressively more intervening events during the retentiin interval of a
nctnorl task; (c) suctessively bnger stimulus presentation durations; and (d) increased processing complexiry. In
nost ol the analyses a very large proportion d the age-related effects on later variahles was fttuni to bi mediarcd
through earlier variahles in the sequence.

nNE possihlc rcuson why thcre arc currently l 'ew theories
\ - - l  l . r l  cogni t ivc aging phenorne na (sce Sal thouse.  199 I  )  is
that therc is sti l l  l i t t lc agrcclncnt about the corc phenontena
that nced to bc cxplained. A ntajor goal ol 'thc current report
is to address this pnlblcnt by providing a parsintonittus
c lcscr ipt ion o l ' the agc-cogni t ion re lat ions in  nccd of  cxplana-
l ion.  That  is .  the pr i rnary purposc is  to  speci fy  where
indcpendcnt and distinct agc-rclatcd influcnccs appear to be
opcrat ing.  ln l i l rn tat ion o l ' th is  typc is  rc lcvant  to  what  nceds
to hc cxplaincd, bccausc scparatc explanations may not be
nccessary i l ' thc agc-rclatcd inllucnccs on somc lncasures are
rncdiated through thc cl ' l 'ccts on othcr nleasurcs.

Figurc I portrays agc-rclatcd ct' l 'ccts in an ordercd set ol '
variables, with cach variable postulated to be inlluenced by
thc prcceding variablc in thc scquencc and by age. In other
wtlrds, perlitrmancc on a given variable is hypothesized to
bc dctcrnrincd by perlirrntance on the sanre variablc at an
carlicr position in the scquence as well as by age (sec Note
I ). Thc key qucstion in this l 'ranrework is where, or whcn, do
uniquc or indcpendent age-related cft 'ects occur' l Or, stated
Itorn the opposite pcrspcctive, at what point in a sequence of
ordcred variables arc thc age-relatcd ef'fects merely carried
by. or nrediatcd through, the et'f 'ects on variables earlier in
the scquence'/

lf indcpendent age-relatcd cf'fbcts are cvident on every
variablc in the scqucnce, then one could inf-er that there are
scparate or spccific age-relatcd influences on each variable
that do not completely overlap with the influences on vari-
ables occurring earlicr in the sequence. An clutcome of this
typc would sugcest that there arc several distinct age-related
influences on thc variables. The existence of independent
age-rclated el'tccts rlay bc interpreted as clriginating from a
shiti in the identity of lactors aff 'ecting variables at different
positions in the scquence, or f iom a shift in what the variable
reprcsents as one nlovcs fiom early to late in the sequence.
Regardless of thc cause, however, a finding of significant
independent age-related ef-fects on several variables in the
sequence would suggest the need fbr multiple explanations
of the age-related influences on the variables. In contrast, a
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age-related variance would be (.5'�*.2'�) l(.5'�) : .84 ( x 100)
: 84.07c. Finally, the total R2 value for the regression
equation is reported to indicate the proportion of the total
variance in the criterion variable that is accounted fbr by age
and the prior variable.

A second analysis was also conducted in each data set
after excluding research participants in the bottom quarti le
on the variable in the sequence with the highest level of
performance. For example, in analyses of learning, the
individuals in the bottom quarti le cln the measure of perfor-
mance in the last learning trial would be eliminated in this
analysis. The rationale was that the variation across the
ordered sequence of variables might be reduced if some
research participants had low levels of performance across
all variables. This possibil i ty should be minimized by elimi-
nating those individuals with low levels of performance in
the "easiest" condition in the data set. However. the pattern
of results in this restricted sample was nearly identical to that
in the complete sample. and thus only the results of the
complete sample are reported.

The current analytical procedures are based on correla-
tions and examinations of proportions of variance rather than
more traditional analyses of variance and examinations ol'
mean levels of perlirrmance because correlation-based prtt-
cedures allow a dctermination of the relation between vari-
ables and, more specifically. allow an assessment of the
degree to which the age-related influences on two or more
variables are independent. This latter t 'eature is important in
the current context because - regardless of the absolute
levels of perfbrmance - if two variables are perfectly
correlated, then they necessarily share all oftheir agc-related
influences because the age-rclated eft 'ects on one variablc
can be predicted l 'ront those on the other variable. Admit-
tcdly. l-cw variables havc perl 'ect correlations with one an-
other, but it is probably also the case that f 'ew variables are
completely independcnt ol ' one another. Correlation-based
procedures are thus needed to determine the relative amounts
of common and unique variance, and especially common
and unique age-related variance, in dif l 'erent combinaticlns
ol 'var iables (Sal thouse.  1994b;  Sal thouse & Coon,  1994).

The data to be analyzed are measures of memory or f luid
cognitive abil it ies obtained primarily f iom studies with rnod-
erately large samples of adults of diftbrent ages. Most
samples consisted of adults frorn a continuous range of ages
rather than two extreme groups such as college students

Figure l �  Framework l i r r  invest igat ing di rect  (e.g. .  paths a through d)
and indircct  (c.g. .  a-x,  b-y,  ctc. )  re lat i t tns bctween age and an ordered
seouence ol  cosni t ive var iables.
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between lt i and 2-5 and rctircd adults betwccn 60 and 75
years ol'agc. Finally. thc nra.joritv of thc analyses are based
on clata collected in rly laboratorv becausc they require
informat ion not  tvp ical lv  repor tcd in  journal  ar t ic les.

Leurrtittg,
Sonre ol'thc most interesting scts ol 'ordered variables are

those dcr ivcd l l 'onr  s t tcccssi le  t r ia ls  r t r  scss ions in  a learn ing
si tuat ion.  That  is .  in  thcsc data scts the var iables in  the
scquencc represcnt nreusurL'\ ol pcrl irrntance at progres-
s ive ly  greatcr  le  rc ls  o l 'pract icc or  t ra in ing on thc same task.

Several  data scts arc ara i lab lc  in  uhich t ivc t t r  more t r ia ls
have been prcsented with thc satnc stitttulus nraterials. A
number o1 's tudies havc involvcd an associat ivc learn ing task
in which the rcsearch participant uas rcquired to determine
which pai rs  o l ' i tcnrs.  consis t ing o l  cotnbinat ions of  symbols,
le t ters,  or  d ig i ts .  wcrc associ i r tcd wi th cach othcr .  The
typical proceclure in this task has involvcd the display of a
s ingle st i r lu lus i tcrn on thc lc l ' t  o l ' thc cornputer  scrccn.  a long
wi th thc cnt i rc  sct  o l  rcsponsc a l tcrnat ivcs on thc r ight  of  thc
scrcen.  Al icr  thc par t ic ipant  sc lcctcd a rcsponsc.  by moving
an arrow in l 'ront of'onc ol' thc rcsponse alternativcs, f 'ced-
back was prcscntcd to indicatc thc corrcct rcsponse. The
measure ol'perlirrrnancc is thc pcrccntage <ll 'stimulus terms
(l 'rom a sct ol 'cithcr l irur or six) with corrcct responses on
cach successivc t r ia l .

Typical data l 'ronr this task arc i l lustrated in Figure 2,
which portrays results avcragcd across three diff 'erent sets of
st i r ru l i  f ' rorn Study 2 in  Sal thousc (199.5a) .  Al though the
samplc in this study consistcd ol' adults l 'rom a continuous
rangc ol'agcs, the rcscarch participants wcrc classificd into
three groups to portray thc agc and trial cl ' l 'ccts in a single
figurc. N<lticc that although thc thrce agc groups started at
nearly thc sarnc lcvcl, thc at.nount ol ' improvemcnt across
succcssivc trials was snraller l i lr older adults than lirr youn-
ger  adul ts .

Rcsults l 'rom sequential analyscs ol'these data, of the data
l'rorn similar tasks in other studies. and ol data fiom maze
learning and liee recall tasks arc sumnrarized in Table I .
Also included in Table I are data I 'rorn a nrental squarins task
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Figure 2. Mean percentage correct on six successive learninc trials in

three age groups,  Sal thouse (  1995a, Study 2)-
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Table l. Correlations and Path Coefficients for Relations Between Age and Measures
of Time or Accuracy on Successive Learning Trials

Source t 0

Paired Associate Learning
'Iri 

al/ B lock/Se s s ion

Sal thouse (  1994a).  Study I
n = 2 3 9
Correlation
Path coef t ic icnt
% Mediated
Total R'�

(  . 1 2 )
( - .  l 2 )
o

. o I

( - .  l 5 )
(  . 1 5 )
(,

.02

. ) .9
a <

25.7
. 2 1

-.3.+
.29

2 ' t .2
. 7 1

t 1

1 a

7 2 . 6
.64

, .30
(-.04)
98.).

. 6 1

( - .  l l J  )
( . 0 u )
l to.2

. 1 7

- . 4  t
.28

53. .1
.3tt

-.3tt
( - .  l 4 )
l,t6.4

.56

- .44
- . l l

93.  u
.70

- .30

G.07 '
94.6

.65

- .29
1 l

41 .6
.25

-.21t
(-.04)
91t.0

.36

( . 0 3 )
99 I

.62

- .42  - .40
(-.04) (-.02,
99 . I  99 . r . t

.7U .t t5

1 l  ) 1

(-.09) (0.00)
92.4 100

.6tt . '14

- .3  |  - .26
. l-5 ( .01J)

76.6 90.5
.39  .39

. 3 5
- . l l J

61  . 3
.16

Sal thouse (  1994a).  Study 2
n  -  1 2 5
Correlation
Path coetficient
% Mcdiated
'fotal 

R2

Sal thouse (  1995a),  Study I ,  Dig i t -Lct tcr
n - 1 7 0
Corrclat ion
Path coel' l icient

% Media tcd
'Iotal 

R2

( - .  r 4 )
( - .  l .+  )
0

02

- .26
1 t

t 4 . l J
. l 0

Sal thouse (  199-5a).  Study l .  Symbol-Symbol
r t  =  170
Correlation
Path coel l ic icnt
7 Mediatcd
'fotal 

R'�

Sal thousc (  1995a1, Study 2
n  - l l 9

Corrclation

Path coel' l icient

% Media ted

l i ) ra l  R ,

(-.07 )
1 . t ) 7 )
( ,
. (x)

- .26
1 /

l4.t . t
. 1 4

-.3.1
- . 3 3
5 . lJ

. 2 1

.4-5
a t

1 t . 6
. 5  |

( - . 04 )
( - . 04 )

0
.(x)

.31  .42
(  . 1 0 )  (  . l  r )
92. ' t  93.1

.76  .78

Maze Learn ing

Trial/B lock/Session

Sal thouse (  I  995a)
rt = t{6
Correlation
Path coellicient
% Mediated
Total R2

Study 2

( . 0 5 )
( . 0 5 )

t,

.00

( - .  r 8 )
(  . 1 9 )

.09

(- .21)
( -  l - 5 )
69.  I

.49

r  ) 5 1

1-.03 )
9tt.6

. 6 1

( .26)
(, 07)
92. t t

.64

G.271
( . 0 5 )
96.6

. 7 1

Free Recall

Trial/Block/Session

Sal thouse.  Fr is toe,  & Rhee (  1996)
n  - 2 5 9

Correlation
Path coefticient
% Mediated
Total R'�

- . 3 8
-.3tt
0

. t 4

- .47
- .28

64.5
.43

- .43
-.09

95.6
.60

.45
I t

92.9
.66

. 4 1
(-.06)
97.9

.64

Mental Squaring

Session

Charness & Campbel l  (19138)

n  = 4 t 1

Correlation .50
Path coefficient .50
o/c Mediated 0
Total  R2 .15

.61 .62
( .0u)  ( .04)

98.3 99.6
.92 .95

.56
( . l s )

92 .8
. 8 2

. 5 7
(  07)

98 .5
.88

( conlrnues ne,\t page )
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Tablc | . Correlations and Path Coefficients fbr Relations Between Age and N{easurc'
of Timc or Accuracy on Successive Learning Trials (continuetll

P 169

Sourcc t 2 3 4 - 5 6 7 f i e t 0

Visual Search Varied Mapping

Successive 240-tr ia l  Blocks

Coopcr (  1993)
n - tl9 Y. t3ti C)
Correlat ion .66 .51 .53 .51
Path coel f ic icnt  .66 (- .09) ( - .02) (  .01)
% Mcd ia tec l  0  100+  100+  100+
l i r ta l  R' �  .11 . t t7 .93 .94

Succcssive 6(X)- t r ia l  Blocks

Rogcrs et  a l .  (  l9 t )4)
n  -  l 0  Y . 7 0 o
Corrc lat ion .10 .6u .65 .61 .66
Pa th  coc f  l i c r cn t  . 1 ( l  ( . 01 )  (  . 01 )  ( . 07 )  ( . 01 )
7 Mediatcd 0 99.9 l (X) + 9U.9 99.1t
' Iota l  

R2 .49 .92 .93 .91 .94

Visual  Scarch -  Consistcn( Mapping

Successive 240-tr ia l  Blocks

( ' (x)pcr  (  199-1)
rr - ll9 Y. ult o
Co r r c l a t i on  . - 56  . 57  . 57  . 5u  . 5 l i  . 61  . ( r l  . 61  . 60  . 62
Pa th  coc l f i c i en t  . 56  ( . 0 -5 )  ( . 04 )  ( . 02 )  ( . 02 )  . 12  ( - . 01 )  1  t ) 2 )  ( . 02 )  ( . 04 )
% Mcd ia t cd  0  99 .2  99 .5  99 .9  99 .9  96 .4  l (X )  +  99  9  99 .9  99 .6
' l 'o ta l  

R' �  . l  I  .91 .93 .96 .96 .90 .95 .9-5 .95 .96

Successivc 6(X)- t r ia l  Blocks

Rogcrs ct  r l .  (  199.1)
n  -  l 0  Y . 7 0 o
( i r r rc lat ion .75 .7 l t  . IJ  I  .  t t l  . l t2
Pa th  coc l ' f i c i cn t  . 75  . l 3  .O l t  . l 0  ( . 01 )
% Mediatcd ( \  91 .2 99.0 9t1.5 99.9
' l i r ta l  

R2 .56 .95 .9]  .91 .91

Menrory Search -  Consistent  Mapping

Succcssive 240-tr ia l  Blocks

Coopcr (  1993)
n  - u ]  Y , l J 7 o
Corrc lat ion .55 .59 .57 .61 .66
P a t h c o c l f i c i e n t  . - 5 5  . 1 3  ( . 0 1 )  . 0 u  . l l
%  Med ia r cd  0  95 .  |  99 .9  98 .3  91  . 2
' lotu l  

R2 .30 .u5 .93 .94 .95

Nolt,: Values in parcntheses are not signilicantly (2 < .0 I ) dil' lerent lionr zero. A dash indicates that there was an increase in thc age-related variance atier
contro l  o l  the or ior  var iable in the seuuence.

reported by Charness and Campbell (lgtt|) and data fiom tion coefticient with age. The second row contains the direct
visual and memory search tasks reported by Cooper (1993) or independent age-related et'fbcts. in the firrm of the stan-
and Rogers, Fisk. and Hertzog (1994) (sce Note 3). The dardized regression coeflicient t irr agc when both age and the
Charness and Campbell data correspond to the mean times prior variable in the sequence were used as predictors in i l
nceded to square two-digit numbers (Class 4 problems in the sinrultaneous regression equation. The third row portrays the
tcrnrinology of the authors) across tive successivc sessions. percentage of the total agc-rclatcd variance in the variable
The Cooper data represent ntean reacti()n tinres lor varied that is rnediated through the eff 'ects on the previttus variable
and consistent mapping conditions in visual or memory in the sequence. Finally, the firurth row represents the
search tasks across successive sets of 240 trials, and the proportion of total variance in the variable that is predicted
Rogcrs ct al. data rcflcct nrean reaction times across succes- by age and. for variablcs other than thc l irst in the sequence,
sivc sessions consisting of 600 trials each (see Note 4). thc prit lr variable.

The first row in each data set (Table l) represents the total The nrost important p()int t() note about the data in Table I
age-related efl 'ects on the variable, in the form of the correla- is that even though the magnitude of the total age-related
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eff'ects remains approximately constant in many of the data
sets. there is a decrease in the dircct age-related effects, and
a concomitant increase in the rnediatcd age-related effbcts,
across succcssive trials or sessions. For example, tbr the
Sal thouse (  1995a) Study 2 data set  i l lust rated in  F igure 2,  the
age correlations in trials 2 through 6 ranged fiom .32 to

.42, but the perccntage of mediated eft 'ects increased from
lcss than 6% on trial 2 to over 90'h on trials 4 through 6. This
pattern suggests that distinct and independent age-related
cif 'ects arc evident prirnarily at carly stages in learning, and
that a Iar-{e proportion of'thc age-related effects on Iater trials
arc rlediatcd through the efl 'ects on earlier trials.

Although the majority of the data in Table I correspond to
accuracy lcvcls on single trials across scvcral stimulus-
response pairs in a given task. the data l 'ronr the Charness
and Campbel l  ( lg t i | ) ,  Cooper (1993),  and Rogers et  a l .
(1994) studies arc based on means litr ntuch larger numbers
of  t r ia ls  ( i .c . .  3U l i r r  Charness & Carnpbel l ,  lg tJ tJ ;  240 lbr
Coopcr. 1993; and 600 firr Rogers et al.. 1994). The very
sinri lar pattern in the analyses of those data provides sorne
generalizabil ity to the int'erencc that ntany of the age-related
influences in sirnple lcarning tasks are apparent fairly early
in the learn ing s i luat ion.

Although large proportions ol'the age-related ell 'ects were
nrediated, and thc indcpendent age-relatcd influences de-
crcascd across succcssive trials, several ol 'thc dircct age-
rc latcd in l luences on la tcr  t r ia ls  or  sessions were s igni -
ficantly dil ' t 'crent lronr zero. Because this irnplies that thc
agc-relatcd cft 'ects on those variable s were unique , or at least
distinct l 'ronr thc e f ' l 'ccts carried through earlier variables,
they warrant special attcntion even il ' the ntagnitudes of thosc
el' l 'ects are srnall relativc to the ntediatcd cll 'ects. Unli lrtu-
nately. thc pattern ol' significant indepcndcnt age-related
cl' l 'ects in these data is not vcry systernatic. and thus it is
dif l icult to identi l 'y a trend other than that already mentioned
in which tl irccr cl ' lc'cts tlecrcasc. anct intl ireci el ' lccrs in-
crease, across successivc trials or sessions. For example,
significant indepcndent age-related ef'fects occurred on the
sccond. l irurth. and fif ih 240-trial blocks in the consistent
mapping rnemory search task in the Cooper (1993) study,
suggesting that distinct age-related inUuences were operat-
ing throughout learning in this task. However, the specific
naturc of those influences. and why they appear to be absent
on the third 240-trial block. cannot be deternrined fiom the
current analyses. The issue of how independent age-related
cftects on later variables in an ordered sequence rnight be
investigated is considered in the General Discusston.

Lug Eflects
Another type of ordered variable consists of measures of

accuracy as a function of the number of events intervening
between the presentation and test of the relevant infbrma-
tion. Because it is the loss rather than the gain of infbrmation
that is of interest in this context. analyses of performance as
a function of the nuntber of intervenins events can be
considered to reflect forgetting. or the conierse of learning.

Several studies have been conducted with a continuous
associative memory task in which the stimulus and response
terms keep changing, and the research participant is occa-
sionally asked to report which response term was most

recently presented with a specific stimulus term. Typical
data from comparisons of lag manipulations, consisting of
the number of events intervening between the presentation
and test of the relevant information, can be i l lustrated with
resufts fiom Study I of Salthouse (1994a). Stimuli in this
study consisted of letter-digit pairs. and on diff 'erent trials
either 0, I , 2, or 3 other stimulus-response pairs intervened
between presentation and test of the crit ical pair. Mean
levels of accuracy at each lag tbr three age groups in this
study are portrayed in Figure 3.

Results of sequential analyses of lag effects in this and
other similar studie s are summarized in Table 2. Notice that
in many of thc data scts the age correlations, corresponding
to the total age-related eff 'ects, are small. although they were
moderately large in the Salthouse (1995b) study. In most
cases. howevcr. the direct age-related eff 'ects tend to de-
crease, and the mediated et-tects tend to increase. with
increased lag. This pattern implies that most of the age-
related ef'lbcts at longer lags are mediated through the ef-fects
at shorter lags. A similar strong mediational influence has
also been fbund in s tudies wi th only  lags of  0 and I  ( i .e . ,
Kersten & Sal thousc,  1993:  Sal thouse,  t994a).

Thc amount ol ' relevant data on larr manioulations is
clcarly l imited. and the magnitudes of tte total age-related
el'f 'ects (and proportions o1' total variance explained) are
rc lat ivc ly  srnal l .  Neverthc lcss.  the avai lable data suggest
that most ol ' thc age-related diff 'erences in firrgetting occur
within thc l irst one or two items afier the infirrmation is
prcsented becausc there are l itt le or no independent age-
relatcd el' l 'ccts on longer lags. I l 'confirmed in additional
studies. this pattern would imply that explanations may be
nccded only l i lr thc age-rclated inlluences <ln measures of
pcrlirrrnancc with rclativcly short lags between prescntation
and test becausc thc efl 'ects at longer lags appear to be
nrcdiated through those at shorter lags.

Stirnulus Prcsentution Timc
An ordered sequence ol'variables can also be created by

nranipulating the amount ol ' t ime that relevant stimulus
infirrmation is displayed. That is, the stimulus presentarion
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Figure 3. Mean percentage correct with 0 to 3 stimulus-response pairs be-
tween presentation and test fbr three age groups, Salthouse 1 1994a, Study I ).
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Table 2. Correlat ions and Path Coefhcients
lbr Relat ions Bctween Age and Accuracy

on Difl'crent Lags Bctween Prescntation and Test

Source

Cont inuous Associat ive Menxrry

Sal thouse (  1993).  Study I
tt - 246
Corrclation
Path cocfticient
% Mediatecl
'lirtal 

R,

90

o
o
i

3 8 0
o
o-)
o
E

o
(L- . 2 1

(  . l 6 )
42 .0

. 1 0
Salthouse (  1993).  Study 2

r  -  25l i
Correla( ion .  16
Path coel f icrcnt  - .  l6
% Mediated 0
' l i r ta l  

R,  .03

Sal thouse (  1994a).  Study I
rt : 240
Correlat ion - .35
Path coel f ic ient  - .35
7 Mcdiated 0
' Iota l  

R,  .  l l

Sal thouse (  I  995b)
r  -  5 0 Y . 5 0 O
Correla l ion .51
l)ath coel l ic ie nt  . -52
7 Metliatctl 0
- l i r ta l  

R,  .27

(  . 0 3 )
( 0 . 0 | )

t ( x ) +
.01

Notr .  Valucs in parenthcscs arc not  s igni l icant ly  (2 . :  .0 1 )  d i l lerent  l ronr
zcro.  A dash indicatcs th i r t  there was an increase in the age-rc lated var iancc
r l (er  c()ntro l  o l ' thc pr ior  var iablc in the seoucncc.

t inre can be varied, and then the level of accuracy deter-
mined at  cach value o l ' t ime.  This procedure can be i l lus-
trated with data l 'rom an unpublished study by Kersten and
Sal thouse (1993),  in  which 39 young adulrs  and 39 o lder
adults pertormed a continuous ass()ciative memory task with
letter stimuli and digit responses, and lags between presenta-
tion and test of either 0 or I stimulus-response pair. The
prcsentation duration of the letter-digit pair was varied
across trial blocks first l iom slow to fast duratir)ns. and then
fiom last to slow durations. Mean levels of accuracy at each
duration averaged across lags 0 and I fbr the two age groups
are portraycd in Figure 4.

Results of sequential analyses of the Kersten and
Salthouse ( 1993) data, of data from three other associarive
memory studies, and of data tiom a serial letter memory task
with recall of 5 letters in either original order or alphabetic
order (Salthouse & Coon, 1993), are summarized in Table 3.
Although the pattern is somewhat variable, it appears that
independent age-related effects often occur for presentation
times up to 500 msec, but not consistently for longer presen-
tation times. To the extent that this is an accurate characteri-
zation of the results, independent and distinct age-related
influences may operate primarily on measures within the first
500 msec of processing fbr some tasks. A broader range of
tasks should be examined to explore the l imits of this
suggestion. but at least on the basis of the available data,
distinct explanations fbr age-related influences appear to be

0 s00 1 ,000 1 ,500 2,000 2,500

Stimulus Presentation Duration (msec)

F-rgurc:1.  Mcan pcrccntage corrcct  i ts  a lunct i0n 0l  s t i rnulus prcscnt l t t i ( )n
t inre l i r r  (wo agc groups.  Kersten and S:r l thousc (  199- l ) .

needed largely l irr measures with relativcly short presenta-
tion durations because most ol 'thc age-related ef'fbcts on the
nrcasurcs at longer clurations arc ntediated through thc short-
duration lneasures.

Complc.ritt Ellects
A linal sct o{' ordcred variablcs can be derived fiom

contrasts of' diff 'erent leve ls <ll '  complexity within the same
task.  Numerr)us colnpar isons ex is t  wi th two levels o l 'com-
plex i ty ,  which typ ical ly  involvc a contrast  between condi-
tions with and without an additional hypothesized process-
ing rcquircmcnt. Contrasts ol 'this type can bc i l lustrated with
data l iom two pairs ot'tasks rcccntly administered to a total
ot '625 adul ts  across threc studies ( i .e . ,  Sal thouse,  199-5a;
Sal thouse,  Fr is toe,  & Rhec,  1996;  Sal thouse & Meinz.
1995). ' Ihc tasks wcrc to copy d ig i ts  (Dig i t  Copy)  or  to  f i rsr
subtract 2 l 'ronr the digits befirre copying them (Subtract
Two). and to copy symbols (Symbol Copy) or to first rotate
the symbols by 90 degrees belirre copying them (Rotation).
Each task was perli)rmed twice. and the perti)rmance mea-
sure was the number of items answered correctly within 30
sec. Reliabil it ies. estimated by boosting the test-retest corre-
lation by thc Spearman-Brown fbrmula, were high firr each
measure ( i .e . .  Dig i t  Copy :  .96.  Subtract  Two :  .95,
Symbol  Copy :  .96.  Rotat ion :  .9-5) .

The most inlitrn.rative analyses fbr the present purposes
are thc contrasts between the age correlation and the stan-
dardizcd regression coefhcient fitr age firr the measure from
the presumably more complcx task. Thc correlation with age
tbr the subtraction measure was .26, but the regression
coefficient, indicating the direct or unmediated age ef'fects,
was only .04. This pattern is consistent with a recent f inding
by Salthouse and Coon (1994). in that rnost (i.e.,91 .60/o) <tf
the age-related variancc in the subtraction measure was
shared with simpler measures.

However, somewhat different results are evident in other
two-variable complexity comparisons. For example, the age
correlation firr the rotation measure was .31, and the regres-
s ion coef f ic ient  was .16.  ind icat ing that  some ( i .e . ,73.4o/o) ,
but not all, of the aqe-related effbcts in the rotation task were

( - .  l l )
(  . l l )

o
. 0 |

. 2 1
- .  l 9

| l i . l
. l l

- . 24  - . 20
-. il3 ( .0u )

4 l . l l  1J4.0
.22  . 26

- . 2 3  (  .  t 6 )
( - . 03 )  ( - . 06 )
9t t . I  1t5.9

. l - r  . 21

- . 56  . 54
.26  ( - .  l - 5 )

18 .1  9 t . 3
.5(r  .6 |
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Table 3. Correlations and path Coefficicnts fbr Relations Between Age and Accuracy at Difterent Stimulus Presentation Durations

Presentation Duration (msec)

Source

Continuous Associative MemorY

6004503001 5 0 750

Salthousc (  1994a).  Study I
n  - 2 4 0

Corrclation
Path cocl'ticicnt
% Mediatcd
lirtal R'�

{ -
(
55

(
(
t ,

l 4 )
l 4 )

()2

l 5 )
l 0 )
6
l 1

- .28
.2{)

49 .0
. 3 1

- .30
(  . 1 2 )
u4 .0

- .34
. 1 4

tt3.0
4q

250 5(X) 750
Se l f -
Paced

Sal thouse (  1994a).  StudY 2
n  - 1 2 5

Correlation
Path crnl'ticie nt
(,? Mcdiated
Total  R2

1 4

1 t

t ,

( X r

( . 2 0 )
(  . 0 5 )
9l l1

. 3 9

(  . 1 4 )
(0. (x))

| (x).0
. 54

( . l l )

( - .02  )
96.'7

..+ I

I  (XX } |  5(X)
S e l l -

I)aced

Salthousc (  1995b)
r  -  5 0 Y . 5 0 o
C\rrrclation
Path cocl'licicnt
% Mediatcd
lirtal R'�

-.62.
.62

t ,

. l u

. -56
(  . 1 3 )
9 4 6

. 6 1

5I t . 1 9
( . ( )2 )

I  (X) .0  +
.4tt

(
92

t 6 )
4
l l

225066'7296t96t . t2 I  (XX) |  5(X)

Kcrstcn & Sal thousc (  1993)
a  -  - 1 9 Y . 3 9 o
Corrc lat ion
Path cocl  l ic icnt
7 Mcdixted
'lirtal 

R'�

45
06)
2
6 l

1 1

, .21
5ll 7

. 3 5

( .22)
|  ) 1 \

0
05

t 0

I  r . l
.  t 9

1 1

( - .221
7 1 3 . 1

. 5 2

. 45
( -  I l )
94 .0

. 6 1

-.41{
( . 1 1 )
1J7.5

.62

.50
(  . 1 7 )
tttt.4

.61

3 l
( . 0 2 )

l (x ) .0  +
59

(
9u

Lct tcr  Menrrrry

2(X) 4(X) lJ(X) I 6(X)

Sal thousc & Ctxrn (  I99- l )
Or ig inal  Order

n - Jl'l Y, 3fJ o
Corrc lat ion
Path cocl t ic ient
7 Mcdiated
'lirtal 

R'�
Alphabct ic  Ordcr

a  -  3 u Y . 3 l t o
Correlation
Path cocl f ic icnt
% Mediated
'l'otal 

R2

Study  2

s t

t )

.21't

. 5 9
- . 5 9

( ,

<()

. 29
75 . l t

.5 lJ

.,+lt
( - .  1 1  )
u7.,1

^ a

- . 49
( . 0 7 )
9t3.0

.59

(
IJ IJ

47
l 6 )
4
52

.513

1 3 1 . 4
.69

O L

8't.1
. 69

Notr , :  Valucs in parenthcses arc not  s igni f icant ly  (7r  < . ( ) l  )  d i l lcrent  l ronl  zero.

apparently mediated by the cl ' l 'ccts in thc copying task' This

pattern could be intcrpretcd as indicating that therc arc

spccil ic and indepcndent agc-rclated influcnccs on thc pro-

ccsses associated with rotation, in addition to thosc- i lssoci-

atcd wi th symbol  copying.
Another  twt l -var iable complcx i ty  compar ison involves a

contrast ol memory span li)r digits or words with working
mcmory span involv ing the same type <l l 'mater ia l '  but  wi th

the research participant also rcquircd to carry out Pr()ccssing
such as answering comprehension questions about sentences

or perli)rnting simple arithmctic opcrations. Because the

sanic tasks were perli)rnred in both studies repofled in

Salthousc and Babcock ( 199 I ), the rclevant data werc com-

bincd across the two stuclics to produce a total of 460

research participants. Thc age correlation with the l istening

span mcasurc was -.49, and the standardized regression

cocl'f icicnt f irr age was -.29. indicating that 65.0%' of the

agc-related variance in the working menlory measurc was

mediatecl through the sintple span measure. Corrcsptlnding

valucs l i)r thc colrputation span ll lcasurL- were -.44 and



- .31.  ref lect ing 50.4% rnediated age-re lated var iance.  In
both cases, therefbre. it appears that some. but not all, of the
agc-rclatcd ef'fbcts in the mure conrplex measurc were medi-
ated by thc cl ' l 'ects on the simpler measure.

Although several of the cornparisons just described indi-
cate that distinct and independent age-related influences
sometinres occur on m()rL' c()mplex cognitive measures,
qualitative and quantitative aspects of cornplexity are c()n-
tbunded in these comparisons. That is. in each ol'these cases
thc nrore complex condition can be viewed as involving not
only dif ' l-erent processing operations. but also more opera-
tions. Becausc this makcs it diff icult to dcternrine whether it
is the specil ic additional operation. as opposed to any addi-
tional operation. that is responsible l irr the observcd e fl 'ects.
it is desirable to evaluate whether independent agc-related
inf luenccs a lso occur  whcn complexi ty  is  increased only
quantitativcly. by the requiremcnt to pcrlirrnr additional
operat ions o l ' the same type.  Because quant i ta t ivc-  var iat ions
of cornplexity lorm an ordered sequence, the data are amena-
ble to thc sanlc typcs ol' scquential analyscs on ordered
variablcs conductcd on the learning, l irrgetting. and presen-
tation tirnc data.

Thc rclcvant comparis<lns can bc i l lustrated with clata
fiorn a paper-l i l lding task in which cornplcxity was nranipu-
latcd by vary ing thc nunrbcr  o l ' l i r lds d isp laycd pr ior  to  a hole
punch.  Thesc data.  l iorn a study by Sal thousc.  Mi tchcl l .
Skovronck. and Babcock ( l9l ' t9). arc portraycd in Figurc 5.

Rcsul ts  o l '  scqucnt ia l  analyscs o l '  the Sal thousc ct  a l  .
( l9 tJ9)  data.  and o l 'data l ' rom a var ic ty  o l ' tasks involv ing
dil ' f 'crcnt rnanipulations ol' complexity. are sunrtnarizcd in
Tablc 4. An init ial point to note about thc cntrie s in Tablc 4 is
that thc corrclations with agc do not always incrcasc across
succcssivc lcvels  o l 'cornplcx i ty .  as nr ight  bc cxpected by
what has bccn terrncd thc age-cornplcxity phenomcnon
(Sal thousc,  199 l ) .  This  r ray bc par t ly  at t r ibutable to thc
inc lus ion o l 'sorne (par t icu lar ly  o lder)  par t ic ipants who havc
relativcly low perli lrnrance across all levcls ol 'cornplcxity.
However, the ovcrall pattcrn was sirnilar in analyscs re-
stricted to individuals in thc too 75lc <'t l ' the distribution on
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the rneasure fiom the lowest level of complexity, and hence
this is not the entire reason fbr the failure to find stronger age
relations with greater complexity in these data.

Inspcction ol'Table 4 reveals a mixture of outcomes. In
somc data sets (e.g. .  menta l  ar i thrnet ic ,  memory search.
v isual  search.  d ig i t  syrnbol  subst i tu t ion) .  near ly  a l l  o f  the
age-related variance on more complex measures seems to be
mediated through the measures at the sirnplcr levels of
complexity. Closer inspection of the data indicates that this
pattern appears to hold l irr most of the analyses with re-
sponse time measures. and with nreasures of the number of
i tcms cornplcted in  a t ixed t i r le .  In  contrast ,  data sets wi th
percentage correct or other i lccuftrc) nreasures appcar to
have less mediation of the agc-rclatcd etfbcts on more
complex variables through thc agc-rclated et'f 'ects on simpler
variables. Both ol'these patterns are evident in the paper-
tir lding tasks bccausc accuracy was thc dcpcndent measurc
in the first. second, and fifth data scts, but the dependcnt
rneasurc in thc thircl and li lurth data scts was thc number of
correct responscs in a spccified time . Noticc that the degrec
ot' mediation of'the age-related efl 'ects was snraller in the
lirrrner data scts than in the latter.

To the extcnt  that  thc d is t inct ion bctwcen t inre and accu-
racy variablcs is nrcaningl'ul. scparatc agc-rclatcd cxplana-
t ions nray bc nccdccl  l i r r  succcssivc lcvc ls  o l 'contp lcx i ty  in
tasks wi th accuracy n lcasurcs but  not  in  tasks wi th t i rnc
nrcusurcs. Onc possibil i ty is that accuracy rneasures are
nrorc scnsitivc to cumulativc crr()rs introduced by dclicient
l irnctioning ol' working nrcnr()ry ncccssary l irr rnaintaining
intcrrncdiatc products o l 'proce ss ing (c .g. .  Sal thousc,  1992).
and that  incrcascd agc is  associatcd wi th inrpai rmcnts in
working nrcll lory. The significitnt indcpcndcnt age-rclated
inllucnccs on thc largcr sel sizc conclit ions in the consistent
nrapping nrcnrory scarch task in  thc Crxrper  (1993) s tudy
nray also bc consistent with this interpretation bccausc thc
working nrcnr()ry involvcrnent is prcsunrably largcr when
nrorc targct itcrns havc to bc nraintained in rncmory.

(l c ttc ru I D i.s<' u s s i t ttt
Thc nra.jor inrplication of'thc analyse s sut.nnrarizcd above

is that  only  a re lat ive ly  srnal l  nur lbcr  o l 'd is t inct  age-re lated
causal l'actors appear neccssary to account firr a large propor-
tion ol'the a-rlc-re lated virriancc in rnany cognitive nleasures.
Stated sornewhat dif ' tcrently. separate and distinct explana-
tions are not retluired ti lr all nreasurcs in which significant
age-related diff 'erences havc been reported because much of
the age-related eft 'ects on thcsc nreasures rnay be mediated
through eff 'ects on rneasurcs that occur earlier in an ordered
sequence.

ln all but one of thc data sets with paired associate
learning. mazc lcarning, and fice recall tasks. over 907c of
thc age-related variancc was mediatcd by the fburth expo-
surc to the rnaterials. and over 90% of the age-related
variancc was mcdiated from the second variable on in the
mental squaring. visual search. and memory search tasks.
The trend in the lag analyscs was not as clear, perhaps
because the total age-related cffects, represented by the
correlation coefficient, were not very large. Nevertheless, in
the one data sct with moderately large age correlati<lns (i.e..
Salthouse, 1995b), clver 907o of the age-related variance

O
0)

o
O
O
o
6
c
o
o
o
o-

I
I

I

1 2 3 4

Number of Paper Folding Operations

Figure -5. Mean percL-ntagc correct as a tunction ol number of recluired
papcr-l i r lding operations l i rr  three age groups. Salthouse et al.  (  1989).
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Table 4. Correlat ions and Path Coeff icicnts for Relat ions Betwecn Age
and Mcasures of Time or Accuracy at Successive Complexity Levels

Conrplcxt ty Cornplexitl,'

Source ) Source 2
f 'apcr Folc l int - fask (Nuntber of  Fol t ls) Gconretr ic  Analogies Task (Nurnbe r  o l 'Elements)  (Ltnt inut , t l )

S i t l t h o u s c  ( l 9 t i t i ) .  S t u d \  I
r r  -  l ( X )  Y .  l ( X )  o
Co l re  l r t ion
Path  coe l  l i c ien t
I Mctliatctl
'Rr ta l  

R l

S a l t h o u s c  c l  i l I .  (  l ( ) u 9 )
r r  | l 0
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I )a th  coe l  l i c i cn t
l i l \Ictl iatcd
' I 'o ta l  

R l
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r - l l lJ
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R r
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- . l l t  ( - .  t . + )
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. t t  . t r J

Sal thousc (  1992).  Study I
n  : 2 2 8

Correlation
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Total  R2

Sal thouse (  1992).  Study 2
n  -  : : \
Correlat ion
Path coel f ic ient
'l Mediatcd
Total  Rr
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Table 4. Correlations and Path Coefhcients for Relations Betwccn Age
and Measures of Tinre or Accuracy at Successive Complexity Levels (tontinued)

P  1 7 5

Complexi ty Cornplcxi ty

Source Source

Digi t  Symbol  (Nunrber o l  Pairs) Visual  Search -  Consistent  Mapping
(Nurnber o l  Displav Set I tenrs)

Sal thouse (  1993).  Study I
n  - 2 1 6

Clorrelation .5 I
['ath coel'ticient .5 |
% Mediated 0
'li)tal 

R'� .26

. 5 9  . 5 9  . 6 1

.23  ( .04)  .06
rJ4. t t  99.5 99.0

. 7 2  9 l  . 9 4

Rogers et al. ( | 99.1)
n  = 7 0 Y . 7 0 O

Early in Practice (Trials l-600)
. 7 1
. 7 1

Correlat ion
Path cocl t ic ient
% Mediated
'Iirtal 

R2

11  . 12
( .0.1)  (  . (X))

|  (x)  + l (x)  +
. 91  . 96

t ,

Salthousc (  1993).  Study I
n  = 2 4 6

Correlation
Path cocl f ic ient
% Mediated
Total  R2

l <  f <

( . ( D )  - . 1 . 1

9l . t l  1J4.0
.63 .46

.u3  . l J |

. t i3  ( - .05)
0  t ( x )  +

.10  .97

Gcome tr ic  Matr ix  Reasoning (Nunrbe r  o l 'Relat ions) 59
Late in Pract icc (Tr ia ls 2401-3(XX))

Corre lation

Path  coe l l i c ien t

% Mediated

Total R'�

- .1.1

o

. lJO
(  . 0 1 )

9 9 9
.96

. 1 2

Spat ia l  Rotat ion Task (Nunrber o l  90-degree Ro(a( ions)

Visual  Search -  Var icd Mapping
(Nunrbcr o l  l ) isplay Sct  l tems)

Sal thouse (  199- l ; .  51x1y 2
rr - 25lt
Corre lat ion
[)ath coel'licient
'/r Mcdiated
' l i r ta l  

R2

Sal thouse (  l9t t t { ) .  Study I
r t  -  l (X )  Y .  l (X )  o
Corrc lat ion
Path coel t ic ient
7 Mcdiatcd
' l i ) ta l  

Rl

- . 16  . 4 r {  - . 54
- . 1 9  . . 1  I  . 3  |

1 2 . 1  5 l t . l  6 7 . 0
.39  . 41  . 4n

.53 .-s l-49

. 5 - r  ( . 0 t )  (  . 0 t )
0  99 .9  l (X)  +

. lrJ .9 |  .95

. 65  . 65
( . 0 1 )  ( . 0 4 )

99 .9  99 .6
.94  . 96

.65
( - .o l  I

t ( x )  +
.9.+

54
'  l-- l

Cconrctr ic  Anakrgics ' l  ask (Nurnbcr o l  Rclat ions)

Ctxrpcr (  199-1)
rr - tl9 Y. fJlt o

L,arly in Practicc ('l 'rials | 240)
Correlat ion .66
Path ctrcllicient .66
'/. Mcdiated 0
'lirtal 

R? .11
[-atc in Pract icc ( ] ' r ia ls  7] l  960)

Corrc lat ion
Path coel l ic ient
(l Mediatcd
'lotal 

R'�

Rogcrs ct  a l .  (  199,{)
n  -  l l l  Y . 7 0 o

. 2 9
- .  l 9

5 7 .  I
.40

1 1

( . 0 u )
Itu.9

1 1

.  ) :
( ,

. l 0

Visual  Svnthesis ' l 'ask (Numbcr o l  Frantcs) h,ar ly  in Pract icc ( ' l ' r ia ls  I  ( r (X))

Corrc lat ion .71 .1 |
Pa th  coe l f i c i en t  . 73  ( - . 01 )
( l  Mecl iatcd ()  l (X) +
lirtal R'� .-5.1 .96

l .ate in Pract icc ( ] ' r ia ls  2.101 l (XX))
Correlat ion
Path coel  t ic icnt
% Mediated
Total  Rl

Sal thouse (  19u13).  Study I
n  -  l (X )  Y .  l (X ) ( )
Corrc lat ion
Path coel l ic icnt
7 Mediatcd
Total  R2

.71

.21
o

.08

f  |  1 l

( - .  1 6 )  . 2 1
42.0 '1.1.1 ' t

. 0u  . 25
72

l6
l 9
I
-t5 75 65

7 -5  . I - l

Visual  Scarch -  Consistent  Mapping
(Numher o l  Display Sct  l te ms.t

56
l ( x )  +  l (x )  +

.92  .  u9

Coopcr ( 1993)
rr - ll9 Y. titt o

[:arly in Practice ( ' fr ials l-2.10)
Correlation
Path coel'f icient

% Media ted

Tota l  R2

Menrory Scarch Consistent  Mapping
(Nunrber o l  Menrory Sct  l te nrs)

.5'7 .-5.1

. 5 7  ( . 0 2 )
0  1 0 0 +

.3  2  .94

.5-5
( . 0 .+ )

99 .5
.95

.60
( . 0 1 )

99 .9
.94

Coope r (1993 )
n  -  t l 7 Y . f l 7 0

L,ar ly  in Pract ice ( ' I r ia ls l -140)
Correlat ion .52 . -56 . -51
Path coef f ic ient  .52 .10 (- . (X))
7 Mediated 0 96.1i  l (X) +
Total  R2 .27 . l tg .92

Late in Pract ice (Tr ia ls 961-12(X))
Correlation

Late in Pract ice ( ' l ' r ia ls  2 l6 l -24(X))
Correlation
Path cocflicient
'Z Mediatetl
l -ota l  R2

. 6 3  . 6 1
6 l  { . 0 1 )

0  99 .9
. .10 .91 Path coetticicnt .60

6o 61
I t )

69

07
% Mediated

Tota l  R2

94 .1  99 .0
. 9 1  . 9 5

(,
16

No/<,: Values in parentheses are not si{nificantly (p < .01 ) dilfbrent from zero. A dash indicates that there was an increase in the age-related varilnce after
contro l  of  the nr ior  var iable in thc sequcnce.
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in the lag 2 measure was mediated through the measures
fiom shorter lags. A fairly consistent pattern in which 80o/c
or more of the age-related variance on variables with long
presentation times was mediated through variables with
prcscntation tinres shorter than ,5(X) msec was apparent in the
analyscs of the presentation tirne data. The most diverse
results occurred with the complexity manipulations, but
even in this case a median of 95.6c/o of thc age-related
variance in the rneasurcs ol'the second complexity level was
nrediated through thc measures at the lowest complexity
level. and a r.nedian ol'99.0% of the agc-rclated variance in
the measures at thc third complexity levcl was mediated
through thc mcasures at the second complexity level.

Thc discovery of substantial mediated. or shared. age-
relatcd variance in these analyses is similar to findings of
large proportions ol'age-related variancc shared across dil '-
I 'crcnt cognitive variables in which there is no a priori basis
t i r r  order ing the var iablcs (e.g. ,  Sal thouse,  1993,  1994a,
1994b:  Sal thousc ct  a l . .  1994:  Sal thousc.  Fr is toe,  L ine-
wcavcr .  & Coon.  1995).  ln  both s i tuat ions,  the avai lable
cvidcncc suggests that a surprisingly largc amttunt of the
agc-relatcd cll 'ects on a widc range ol' cognitive measures
can bc accountcd firr by thc operation ol' a relatively small
number ot' independcnt and distinct agc-related f 'actors.

Two questions naturally cnrerge l iom the sequential anal-
ys is  t ' rarnework.  Thc l i rs t  concerns thc explanat ion of . thc
age-related cf' lccts on variablcs that occur early in an ttrdered
sequcncc. Thc rcsults ol 'the currcnt analyses are not directly
int i r r rnat ive about  th is  issuc (but  see Sal thouse.  1993.  fbr
rclevant spcculations). Whatcvcr the naturc of these causal
lactors. howcvcr, thcy arc presunrably fairly l 'undamental
because thc current rcsults indicatc that they are present early
in learning. with short lags betwecn presentation and test,
with briel ' prcscntation durations. and at low lcvels ot pro-
cessing complcxity. One important direction lt lr future re-
search should be investigation of the f 'actors that vary with
age and arc responsible fi lr variations in measures ol'simple
processing efficiency.

The second qucstion ol' interest in sequential analyses
concerns the tactors responsible fbr the independent age-
related eff 'ects on later variables in the sequence. Because
these el'f 'ects rcprcsent uniquc age-related influences that arc
distinct l 'rorn the inl ' luences on earlier variables in the se-
quence, they are not only of interest in their own right, but
may also be infirrmative about the nature of the influences on
earlier variables. That is, because the age-related influences
on the later variables are independent of the influences
rnediated through the earlier variablcs, examination of these
spccific inf' luences may contribute to understanding the na-
ture of the presumably common influences fiom which they
are distinct.

In the analyses reported above. independent age-related
effects were apparent on later variables in the sequence in
several of the data sets. For example, independent age-
related ef'tects occurred across the first several trials in the
paired associate and free recall learning tasks. Distinct age-
related influences were also evident in some. but not all,
blocks of trials in the consistent mapping visual search tasks
of  Cooper (1993) and Rogers et  a l .  (1994).  (Also,  see Note
4.) Independent age-related effects occurred for long presen-

tation times when letters were to be recalled in alphabetical
order, and whcn more processing operations were required
with accuracy-based measures of perfbrmance. Finally, dis-
tinct age-related influences were evident with larger memory
set sizes in Cooper's (1993) consistent mapping memory
search task, particularly late in practice.

Independent age-related effects on later variables in an
ordered sequence have also been reported by Kliegl, Smith.
and Bal tes (1990) in  a s tudy involv ing method-of : loc i  mne-
monic training in young and old adults. These investigators
found significant age-related variance in a measure of pertbr-
mance in a later session after a measure of serial recall
performance in an init ial session was statistically controlled.
Furthermore, the age-related variance was sti l l  significant
even when a measure of serial word recall after mnemonrc
inst ruct ion was contro l led.  (Also,  see Bal tes & KI iegl ,
1992.) A possible explanation for the independent age-
re lated et tects in  the la ter  sessions o1 ' the Kl iegl  et  a l  .  (  1990)
study is that younger adults. to a greater extent than older
adults, were able to improve the speed with which they could
execute the mnemonic procedure with additional practicc. In
support ol 'this intcrpretation are the additional f indings that
most of the improvement in memory perti)rmance occurred
with moderately l 'ast presentation durations, and that the
relation bctween me mory perfirrnrance and a speed measure
( i .e . ,  Dig i t  Symbol  Subst i tu t ion per l i r rmance) increased
across sessions. The Kliegl et al. (1990) study is therefi lre
instructive in i l lustrating how independent age-related in-
fluences on later variables in an ordered sequence might be
analyzcd and intcrpreted. Not only is it desirable to include
rnanipulations to cxpklre the source of the later age-related
ef'fects. but other variables should also be assessed to detect
possible changes in the pattern of relations.

It is usel'ul to consider the factors that could contribute to
the existence of unique or independent age-related eff 'ects
late in a sequencc of ordered variables. One possibil i ty is
that the l ikelihood of detecting independcnt efl 'ects varies
according to the type of ordered sequence under consider-
ation. For example. at least two dift 'erent types of ordered
sequences - gnurinl and temporal - can be distinguished.
Causal sequences are those in which the preceding variable
is logically prior to the criterion variable in thc sense that it
represents a constituent ol 'the criterion variable. Sequences
composed of variables hypothesized to correspond to dil lbr-
ent levels of processing complexity, where each successive
level includes the prior levels plus an additional level, are
examples ol'causal sequences. Sequences in which succes-
sive variables represent progressively greater amounts of
processing time could also be considered as causal if the
increased time corresponds to more complete processing. A
second type of ordered sequence is temporal or longitudinal
in that successive variables in the sequence represent dif ' fer-
ent points along a temporal continuum. Measurements at
different levels of practice, or with various intervals between
presentation and test (i.e., fbrgetting), are exarnples of
longitudinal sequences. Note that causal and temporal se-
quences are not mutually exclusive because a temporal
sequence could also be causal. That is. successive variables
in a longitudinal sequence could represent simpler or less
complete amounts of processing (i.e.. causal), or they may



involve all of the same operations but at different levels of
proficiency (i.e., noncausal).

Although it is clearly possible that the pattern of indepen-
dent age-related influences could vary according to the type
ofordered sequence, there is little evidence ofthis in the data
reported above. Instead, the general trend seems to be for
large proportions of the age-related effects to be evident
early in the sequence, regardless of the nature of the se-
quence. Nevertheless, the available data are not definitive
with respect to this issue, and future research may reveal that
the presence or magnitude of distinct age-related influences
varies depending on the type of ordered sequence.

Statistical factors could also play a role in the detection of
independent age-related effects late in an ordered sequence.
For example, an effect of the same absolute magnitude is
more likely to be statistically significant when the proportion
of explained variance in the variable is high compared to
when it is low. Furthermore, increases in the proportion of
explained variance could occur because of increased reliabil-
ity of the criterion variable (due to the greater amount of
systematic variance available to be associated with other
variables), or because of increases in the magnitude of the
relation of the variable to the prior variable in the sequence.
Both the reliability of the criterion variable and the strength
of the relations between successive variables could therefore
contribute to the detection of independent age-related effects
in variables late in an ordered sequence.

Two final f'actors that could contribute to the existence of
independent age-related variance are shifts in either the
nature of the processes required in the task, or in what the
variables represent. That is, successive variables in the
ordered sequence may be dependent upon different combi-
nations of abil it ies, and age-related influences may be evi-
dent on abil it ies that become important late in the sequence.
Alternatively, there may not be a shift in the pattern of
influences on the same variable. but rather the variable itself
may be changing with respect to what it is measuring. In
other words, early in the sequence the variable may reflect
one construct, but later in the sequence it may reflect a
diff'erent construct. A possible example is when the ordered
sequence is composed of measures representing perfor-
mance at progressively longer times. In this case the vari-
ables at short presentation times may primarily reflect pro-
cesses concerned with rapid information processing, but at
longer presentation times the variables may reflect whatever
ability construct is relevant to the particular task being
performed. Examination of the pattern of correlations be-
tween variables at different positions in the sequence and
measures of other abilities might allow these possibilities to
be distinguished.

In conclusion, the framework of conceptualizing where
independent age-related influences occur seems to be a
fruitful perspective for understanding what needs to be
explained with respect to age-related effects on cognition.
The data sets examined above are obviously very limited in
many respects, but they nevertheless raise the possibility that
far fewer explanations of age-related influences are needed
than the number of variables in which age-related effects
have been reported. Not only were few of the independent
age-related effects on later variables in the ordered sequence
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significantly different from zero, but even when significant
they were often responsible for very small percentages of the
total age-related variance. Important priorities for future
research should therefore be the explanation of age-related
influences on the variables that occur early in an ordered
sequence, because they may be responsible for large propor-
tions of the age-related effects, and of the independent age-
related influences on variables that occur later in the se-
quence, because they can be viewed as representing distinct
or unique age-related effects.

AcKNowLEDGMENt s

This research was supported by NIA Grant R37 AG-06826 to Timothy A.
Salthouse, who can be reached at Tim.Salthouss(u.'Psych.Gatech.Edu. I
would like to thank Neil Charness, Brian Cooper, and Wendy Rogers for
sharing their data, and for comments on an earlier version of this article.

Address correspondence to Dr. Timothy A. Salthouse, School of Psy-
chology,  Georgia Inst i tute ofTechnology,  At lanta,  GA 30332-0170.

REFERI,NCES

Baltes,  P.8. ,  & Kl iegl ,  R.  (1992).  Further test ing of  l imi ts of  cogni t ive
plasticity: Negative age differences in a mnemonic skill are robust.
Developmental Psychologl,, 28, l2l-125.

Charness,  N. ,  & Campbel l ,  J . l .D.  (1988).  Acquir ing ski l l  at  mental
calculation in adulthood: A task decomposition. Journal of Experimen-
tal Psyc'hoktgy: Generul, I 17, l15 129.

Cooper, B.P. (1993). Age-related diJJeremes in searchldecision perfttr-
mtmcc and transler: An evuluation of learning and skill ucquisition.
Unpubl ished master 's  thesls.

Kersten,  A. ,  & Sal thouse,  T.A.  (  1993).  Unpubl ished data.
Kl iegl ,  R. ,  Smith,  J. ,  & Bal tes,  P.B.  (1990).  On the locus and process of

magnitication of age dil'ferences during mnemonic training. Devek;p-
mental Psychology, 26, 894-9O4.

Rogers,  W.A.,  F isk,  A.D.,  & Hertzog,  C.  (1994).  Do abi l i ty-performance
relationships ditlerentiate age and practice eff-ects in visual search'l
Journal ol Experimental Psl,choktgy: Learning, Memory, and Cogni-
t ion.  20.  7 l0-738.

Sal thouse,  T.A.  (1988).  The ro le of  processing resources in cogni t ive
aging. ln M.L. Howe & C.J. Brainerd (Eds .), Cognitive development in
aduhhood. New York: Springer-Verlag.

Salthouse, T. A. ( l99l ). Theoretiral perspectives on utgnitive aging. Hrlls-
dale. NJ: Lawrence Erlbaum Associates.

Salthouse, T.A. (1992). Why do adult age dif'ferences increase with task
complexity'/ Devebpmental Psychology, 28, 905-918.

Salthouse, T.A. (1993). Speed mediation of adult age differences in
cognition. D eve lopme nta I P syc ho kt gy, 29, 7 22-'7 38.

Salthouse, T.A. (1994a). Aging associations: Influence of speed on adult
age diff'erences in associative learning. Journal of Experimental Psy-
t'hology: Learning, Memory, and Cognition, 20, 1486-1503.

Salthouse, T.A. (1994b). How many causes are there of aging-related
decrements in cognitive functioning? Developmental Review, 14,
4 t3 -431 .

Salthouse, T.A. (1995a). Influence of processing speed on adult age
differences in leaming. Swiss Journal of Psychology, 54, lO2-112.

Salthouse, T.A. ( 1995b). Selective influences of age and speed on associa-
tive memory. American Journal of Pstchology, 108, 381-396.

Salthouse, T.A., & Babcock, R.L. (1991). Decomposing adult age differ-
ences in working memory. Developmental Psychology, 27, 763-7'76.

Salthouse, T.A., & Coon, V.E. (1993). Influence oftask-specific process-
ing speed on age differences in memory. Journal of Gerontology:
P sychological Sc ie nce s, 48, P245-P255.

Salthouse, T.A., & Coon, V.E. (1994). Interpretation of differential
deficits: The case of aging and mental arithmetic. Journal of Experimen-
tal Psythology: Learning, Memory, and Cognition, 20, ll'72-1182.

Sal thouse,  T.A. ,  Fr is toe,  N.M.,  L ineweaver,  T.T. ,  & Coon, V.E.  (1995).
Aging of attention: Does the ability to divide decline? Memory &
Cognition, 23, 59-'7 | .

Salthouse, T.A., Fristoe, N.M. , & Rhee, S. ( 1996). How localized are age-

WHERE ARE AGE-RELATED EFFECTS?



Pr  78 SALTHOUSE

relatcd clf'ects on ncuropsvcholo-qical measurcs! Ncuntpstt.holoyy.,
l o ,  t - l J .

Sa l t house .  T .A . .  &  Me inz .  E . J .  (  199 -5 ) .  Ag inu .  i nh i b i t i on .  wo rk i ng  mem-
orv. and speed. .l r n nn l t l G e n tn k t l o,qt. : p st c h ol o,qi<tt l Scrrrl<t,r, -508.
P297-P306.

Sa l t house .  T .A . .  M i t che l l .  D .R .D . .  Skov ronek .  8 . .  &  Babcock .  R .L .
(19u9).  Ef fects o l 'adul t  age and workins ntentory on reasonin-u and
spatial abilities. .l t ur r nu l t l E.rpc r i nc nt u l psrrlrolo,qr.: Lc u r n i n g. M un
ory , und ('o.qtiltittn, /.5, -507 5 | 6.

RtL't,iyed F cbruurt' 1 1. 1 995
A(((pt?d Au.qust  28.  1995

Appendix

| .  Thc rcported analyscs arc rcstr ictcd to f irst-ordcr ( i .e..  inrmc-
diatcly prror) autoregrcssion analyscs rathcr than also including
higher-order rclat ions f i)r  two rcasons. I , i rst,  although analyses of
sccond-ordcr  (c .g . ,  var iab lc  I  on  var iab lc  3 )  and th i rd -order  (e .g . ,
variablc I  on variablc 4) rclat ions rcvcalcd that sortrc of thosc
rclat ions wcrc signif icantly di l ' t 'cre nt l ionr 0. the incrcrncnts in
proport ions ol ' total variancc accountcd l i rr  wcrc gcncral ly rathcr
snlal l .  And sccond, inclusion ol 'addit ional nrcdiatcd paths to thc
cri tcr ion variablc tcndcd to rcducc thc ntagnituclc ol thc dircct
coclf icicnts l iorn agc, and thus lhc rcportcd values can bc viewed as
l ibcral ( i .c..  potcntial ly largcr than thc truc value) est imates of '  the
unnrcdiatcd agc-rclatcd inf l  ucnccs.

2. 
-fhc 

standardizcd rcgrcssion coct ' l ic icnts wcrc obtaincd l iorn
hicrarchical rcgrcssion cquations in which thc cl ' lccts ol 'agc wcrc
dctcrnrincd l t icr control ol ' thc prior variablc in thc sequcncc.' fhcsc 

cocl ' f ic icnts arc cquivalcnl to what woulcl bc obtaincd in a
path analysis with a nrodcl such as that i l lustratccl in Figurc I in
which paths wcrc constraincd to ad.jaccnt variablcs in thc sequcncc.

-1. Thc sanrc rcscarch part icipants pcrf i)rmcd in al l  condit ions ol '
thc Ctxrpcr (1993) study. with thc varicd rnappint vrsual scarch
pcrl irrmcd aticr l i rur scssions ol psychorne tr ic abi l i ty tcsls. Thc two
scssions ol ' thc consistcnt mapping visual scarch tasK wcrc pcr-
l i rrmcd ncxt. l i r l lowcd al icr a transl 'cr session by a scssion with thc
conslstcnt nlapplng lnemory scarch task. A rnixcd t lcsign was also

used in the Rogers et al.  (  1994) study, with each session consist ing
of 600 tr ials of thc consistcnt mapping task intermixed with 600
tr ials ol ' the varied ntapping task.

4. Becausc tr ials in the Coopcr ( 1993) and Rogers et al.  (  1994)
studies were presented in blocks of 60. the analyses werc repeated
with means fbr each 60-trial block as the variables in the ordercd
sequencc. In the Cooper ( 1993) study, the path crrcff icicnts, reprc-
senting dircct or unntediated agc-related ef ' fccts. were signif icantly
(7r < .0 |  )  di l lerent l ionr zero only in block I in the varied mapping
v isua l  search  da ta .  in  b locks  l .  3 .  5 .  lU .  21 ,  25 .  29 ,3 t i .  and  40  in
the  cons is ten t  n tapp in -u  v isua l  search  da ta .  and in  b locks  l ,  2 ,  3 , j ,
l l .  13 .  l -5 .  17 .  and l9  in  thc  cons is ten t  mapp ing  memory  search
data. Thc perccntagc ol 'nrediatcd agc-rclated variancc was greatcr
than 96% l irr al l  variahles cxccpt thc l i rst in the scquencc, and the
variablc rcprcscnting thc f irst block in lhe sccond scssion of thc
consistcnt nrapping visual scarch task ( i .c.,  bkrck 2l :  89.2a/c
nrcdiatcd ).

Only -5 ol ' the 9t l  cornparisons (cxcluding the f irst block in cach
task) in thc Ro-uers ct r l .  (1994) clata had lcss than 907c mecliatcd
rgc-rclatcd variancc. Thcsc wcrc thc t irst block of tr ials in thc
var icd  nrapp ing  task  on  scss ion  s  2  (89 .2%,1 ,3  (B2.OVa\ .  4  (g3 .5Vr , ) .
and -5  ( t i6 .  l% ) .  as  wc l l  as  lhc  s ix th  b lock  in  sess ion  5  ( i t .5 .9%) .  pa th
coclf icicnts l i rr  agc wcrc sirnif icantly (p < .0 I  )  grcatcr than zero in
thc consislcnt nrappinc visual scarch task occurrcd on blocks |,  3,
4 . 7 .  1 0 .  l t .  t 3 .  t - 5 .  t 7 .  1 t t . 2 0 . 2 1 . 2 3 . 2 - s . 2 7 . 3 1 . 3 2 . 3 1 . 3 5 . 3 6 .
3 t { . 4 0 . 4 1 . 4 2 . . 1 - 5 . 4 6 . : 1 7 .  a n d  - 5 0 . - I h c  s i s n i f i c a n r  ( / l  <  . 0 1 )  p a t h
ctrclt icicnts l i rr  agc in thc varicd nrapping visual scarch task
o c c u r r e c l  o n  b l o c k s  l .  6 ,  9 .  I  |  .  2  l .  2 6 .  2 9 ,  3 0 .  3  1 ,  3 5 .  3 7 .  4 0 , 4 1 ,
12. 16. and ,113. Alrhough thcsc pattcrns arc morc cornplcx than
thosc in thc analyscs bascd on data aggrcgatccl across morc tr ials, i t
ls notcworlhy that in al l  ctscs thc dircct agc-rclated cf ' l 'ccts corrc_
spondcd to a rclat ivcly srnal l  pcrccntagc of ' thc total age-rclated
vanilnce .

In ordcr to cxplorc thc gcncral izabi l i ty ol '  thc phcnomcnon of '
rncdiatct l  agc-rclatcd cf ' l 'ccls. analyscs werc also conducted to
dctcrnrinc thc pcrccntagc ol 'nrcdiatcd agc-rclatcd variancc l iorn the
tirst to thc last tr ial  block in thcsc data scts. Estimatcs f ' ronr thc
Coopcr (1993) clata wcrc t lzl . .5% l irr  consistcnt mapping visual
scarch. 99 *(I  t<>r varicd nrapping visual search, and 65.tt% lbr
consrstcnt nrapplng ntcr.nory search. Estintatcs from the Rogers ct
al- (1994) data wcrc 16.3(/t  l<tr consistcnt mapping visual scarch,
'antl99(/t lirr varied mapping visual search.


