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the long term, the structure of the ecosystem. In
addition, such anthropogenic nitrogen inputs
into the NPO could also enhance N2O production due to an increase in remineralization in
association with enhanced export production
levels and potentially stimulate denitrification
(1, 23). If similar trends are confirmed across the
other major ocean basins, it would constitute
another example of a global-scale alteration of
the Earth system.

Science and Technology (no. 2013K1A1A2A02078278). Partial
support was provided by the “Management of marine organisms
causing ecological disturbance and harmful effects” program
funded by the Ministry of Oceans and Fisheries. T.-W.K. was
supported by the Basic Science Research Program through NRF
(no. 2012R1A6A3A0403883). D.M.K was funded by the NSF
(nos. OCE09-26766 and EF04-24599) and the Gordon and
Betty Moore Foundation. J.L.B. was funded by NOAA’s Climate
Program Office. N.G. and S.Y. acknowledge the financial support
from ETH Zürich. Author contributions: I.-N.K. and K.L. designed
the study and wrote the manuscript with support from N.G.,
D.M.K., and J.L.B. I.-N.K. analyzed the data. N.G., D.M.K., J.L.B.,
S.Y., and T.-W.K. contributed to the manuscript with discussions

and comments. S.Y. and N.G. performed NCAR Community Earth
System Model simulations. The authors declare no competing
financial interests.
SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/346/6213/1102/suppl/DC1
Supplementary Text
Figs. S1 to S7
Tables S1 and S2
References (26–33)
7 July 2014; accepted 3 November 2014
10.1126/science.1258396

RE FE RENCES AND N OT ES

ACKN OW LEDG MEN TS

We thank all scientists responsible for the CFC-12 and nutrient
measurements in the GLODAP (http://cdiac.ornl.gov/oceans/
glodap/) and PACIFICA (http://cdiac.ornl.gov/oceans/PACIFICA/)
databases and the CREAMS II (http://sam.ucsd.edu) and HOT
(http://hahana.soest.hawaii.edu/hot/) programs. This research
was supported by the Mid-Career Researcher Program (no.
2012R1A2A1A01004631) and the Global Research Project funded
by the National Research Foundation (NRF) of Ministry of Science,
Information Communication Technology, and Future Planning,

1106

28 NOVEMBER 2014 • VOL 346 ISSUE 6213

COGNITIVE PSYCHOLOGY

Forgetting the presidents
H. L. Roediger III* and K. A. DeSoto
Two studies examined how U.S. presidents are forgotten. A total of 415 undergraduates
in 1974, 1991, and 2009 recalled as many presidents as possible and attempted to place
them in their correct ordinal positions. All showed roughly linear forgetting of the eight or
nine presidents prior to the president holding office at the time, and recall of presidents
without respect to ordinal position also showed a regular pattern of forgetting. Similar
outcomes occurred with 497 adults (ages 18 to 69) tested in 2014. We fit forgetting
functions to the data to predict when six relatively recent presidents will recede in memory
to the level of most middle presidents (e.g., we predict that Truman will be forgotten to
the same extent as McKinley by about 2040). These studies show that forgetting from
collective memory can be studied empirically, as with forgetting in other forms of memory.

T

he name of the president of the United
States is known to virtually all adult Americans. When doctors wish to test the cognitive status of a concussion or stroke patient,
they often ask the patient to identify the
current president; a response of “Ronald Reagan”
in 2014, for example, reveals a probable deficit.
Once they leave office, however, presidents recede
from the memory of U.S. citizens. For instance,
today presidents such as Fillmore, Pierce, and
Arthur are barely remembered at all, yet at one
point in America’s past their names were known
by all U.S. adults, just as the names Obama or
Bush are known in 2014.
The purpose of this project was to study how
presidents are forgotten from collective memory.
Collective memory, sometimes called historical
or popular memory, refers to the representation
of the past shared by a group (1–4). Most studies
in this tradition focus on how events of historical
significance are remembered (e.g., the Holocaust,
the 9/11 attacks), whereas our focus is on historical forgetting [see (5)].
We can assume that recall of a president is
100% while the president holds office and begins
to drop when he leaves office. Our question is:
What is the rate at which samples of U.S. citizens
forget the presidents over time?
Across two studies, we determined the rate at
which presidents recede from collective memory
of (i) college students and (ii) a wider sample of
Department of Psychology, Washington University, St. Louis,
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Americans (taken from Amazon Mechanical Turk;
MTurk). We measured memory for each president using both ordinal position recall and free
recall criteria. Ordinal position recall describes
whether an individual can place a president in
the ordinal position in which he served (e.g., Lincoln
in position 16). Free recall assesses whether an
individual can recall a president’s name at all,
regardless of ordinal position. To measure forgetting, we applied two methods to the resulting
sets of data. We examined the decline in recall
within each group of subjects from the current
president at the time of testing to the next most
recent and so on (i.e., the recency effect in recall
within groups of individuals). In the second
method, we computed forgetting curves for six
presidents across three generations of college
students.
In our first study, we tested three generations
of college undergraduates in three widely separated years: 159 subjects in 1974 (6), 106 in 1991
(7), and 150 in 2009. In each case the students
were given a sheet of paper numbered according
to the number of presidents (e.g., numbers 1 through
41 in 1991), with instructions to try to recall as
many presidents as possible and to place them in
their correct ordinal position. Students were told
that if they recalled a president but not his
ordinal position, they should guess or simply list
that president off to the side of the page. They
were given 5 min for recall, which prior research
has shown is sufficient time to exhaust students’
knowledge (8). Figure 1A shows recall of presidents as a function of their chronological term
in office, when students were given credit for
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recalling them only if placed in their correct
ordinal position; Fig. 2A shows free recall of
the presidents, giving credit for naming the
person without regard to order.
In laboratory studies in which subjects are
given a list of words or pictures to remember, a
serial position function is obtained relating list
position to probability of recall. This function is
characterized by two components of interest:
(i) the primacy effect (enhanced recall of items
at the beginning of the list), and (ii) the recency
effect (enhanced recall of items at the end of the
list), both relative to lower recall of items in the
middle of the list. The recency effect is of interest
for our purposes because it shows how items are
forgotten over time. Namely, the last item in a
series is almost perfectly recalled, with preceding
items showing systematically lower recall as a
function of the amount of time or the number of
intervening items (presidents in our case), counting backward from the most recent. See fig. S1
for an example of a serial position function for
word lists.
Another characteristic of the serial position
function is that a distinctive event (relative to
other events that are similar in character) is well
remembered even if it is in the middle of a list.
For example, a picture appearing in the middle
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of a list of words is recalled better than the surrounding words [the isolation effect (9–11)]. This
feature occurs in our studies with a natural series
rather than a list.
Figure 1A shows that memory for ordinal position of presidents follows a classic serial position function. All three groups showed a similar
pattern of results: The first presidents were frequently recalled, with a steep drop until Lincoln,
who showed elevated recall along with the two
succeeding presidents (A. Johnson and Grant).
This outcome is similar to the isolation effect in
list recall, with Lincoln (or perhaps the U.S. Civil
War) serving as the distinctive event. Recall then
dropped back to a low baseline until the recency
effect became noticeable. Even though the three
groups of students were tested over a 35-year
time period, the recency effect was remarkably
consistent in that it occurred for the last 9 or 10
presidents in all groups. In addition, recall of
presidents before the point of recency (located in
what is called the pre-recency portion of the serial position curve) did not differ much among
the groups; this point was confirmed in the second study (see below). The data also showed
consistent forgetting of the order of recent presidents over time by different groups of college
students. For example, in 1974 nearly all college
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Fig. 1. Ordinal position recall probabilities. Ordinal position recall of presidents across (A) college
students of three different generations (data collected in three different years) and (B) American adults of
three different generations (data collected in 2014).
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students recalled L. Johnson and his ordinal
position (36), but by 1991 the proportion had
dropped to 0.52 and by 2009 it had plummeted
to 0.20.
Whether presidents have been forgotten altogether, not merely with respect to their ordinal
position, is better answered by plotting the data
using a free recall criterion. These data, shown in
Fig. 2A for the three groups of undergraduates,
appear noisier than the data in Fig. 1A. Nonetheless,
recency effects are still apparent, and what appears to be noise may rather reflect regularities
in the memorability of presidents. For example,
the dips at Truman, L. Johnson, and Ford occur
in at least two samples and were confirmed in
the second study.
A second method of measuring forgetting, the
classic one in experimental psychology, is to plot
the forgetting curve over time (or intervening
items). The shape of this function—whether a
logarithmic function or a power function—has
been debated, but the power function provides a
somewhat better fit when the two are directly
compared (12). Moreover, these forgetting functions appear to be the same across many different tasks (12, 13). Our data in Figs. 1A and 2A
provide little evidence of forgetting for presidents prior to and including Coolidge. Memorability of these presidents seems to have reached
an asymptote in U.S. students’ collective memory. However, for presidents since Coolidge, we
can fit a power function to the free recall data
and estimate the rate at which they will be forgotten. We did this for the six most recent presidents
for whom we had three data points (i.e., they
had held office in 1974 or earlier): Truman,
Eisenhower, Kennedy, L. Johnson, Nixon, and
Ford. We assumed that these presidents had a
100% recall probability after leaving office and
used the 1974, 1991, and 2009 data to estimate
recall probability in those years. We fit power functions to the four points for each president. These
forgetting functions are shown in Fig. 3, and it is
apparent that Truman, L. Johnson, and Ford are
fading fastest from historical memory in this group,
whereas Kennedy has been better retained.
We can use these data to estimate the number
of years that elapse before presidents fall to the
baseline levels estimated by the line in Fig. 3 (the
line represents a mean of 0.26, the average memorability of pre-recency presidents excluding
Lincoln, his two successors, and the first seven
presidents). Of course, with only four data points,
the projections are tentative. They can be seen in
Fig. 3, but to give one example, we estimate that
Truman will be forgotten by three-quarters of college students (i.e., will reach 0.26 free recall probability) by 2040, 87 years after leaving office.
The data from the study described above were
collected from students of the same age cohort
(18 to 22) at three points in time across 35 years.
In our second study, we used a complementary
tactic: We tested adults across varying age ranges
in May 2014 on the same task. We tested 116
adults aged 18 to 29 (millennials), 207 adults
aged 30 to 49 (generation X), and 174 adults
aged 50 to 69 (baby boomers) (14). These three
28 NOVEMBER 2014 • VOL 346 ISSUE 6213
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better remembered across generations. According to one theory (17), forgetting is adaptive and
corresponds to environmental demands for needs
of information. By this view, recall of presidents
may be due to their frequency of mention in
popular media, and frequency of mention may
be determined by importance. To investigate, we
correlated the recall scores from our second

Free recall probability
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study with presidential rankings provided by
history scholars and others (18). The correlation
between recallability and ranking for presidents
from Washington to Coolidge was high [r(27) =
0.73, P < 0.001]. This finding is in line with the
theory and data in (17).
Another theory argues that position in a series
accounts for some of the variance in presidential
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Fig. 2. Free recall probabilities. Free recall of presidents across (A) college students of three different
generations (data collected in three different years) and (B) American adults of three different generations
(data collected in 2014).
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generations correspond approximately to the
three generations of college students that participated in the first study (e.g., college students in
1974 are the same group that we call baby boomers
in 2014). We sought to determine whether the
serial position curves obtained in our earlier
studies would replicate with this larger sample
of adults.
The data in Fig. 1B show that the answer is generally yes with strict positional recall, except that
the recency part of the curve shows more overlap.
In fact, recall of presidents from Washington to
Coolidge reveals hardly any differences among
the three age bands, and the data are similar to
those in Fig. 1A. This lends support to our supposition from the first study that recall of these
presidents has reached the asymptote of the
forgetting curve. The differences emerge in the
recency part of the curve, with older adults recalling more presidents in order than younger
adults, at least from Coolidge through L. Johnson.
Free recall results (Fig. 2B) again replicated the
results in Fig. 2A reasonably well. The correlations
between the patterns of data of people of similar
age in Fig. 1, A and B, were r = 0.91, 0.95, and 0.98
for the baby boomer, generation X, and millennial samples, respectively (i.e., the data collected
in 1974 correlated 0.91 with the data collected for
the baby boomer group assessed in 2014). The
similar values for the free recall data in Fig. 2, A
and B, were r = 0.93, 0.94, and 0.97. All correlations were significant (P < 0.001); see tables S1
and S2 for the full correlation matrices. These
strong correlations indicate that serial position
curves in recall of U.S. presidents are remarkably
similar and stable across age and across generations spanning 35 years.
The results from our two studies show forgetting of presidents in terms of their correct ordinal position in office (Fig. 1) and simply their
name and the fact that they served (Fig. 2). The
recency effect indicates that subjects can retrieve
presidents relatively well if the presidents held
office during or just before the subjects’ lifetimes,
but that recall of correct ordinal position drops
as one attempts to retrieve presidents whose
terms were more distant in time. By analogy to
serial position curves in recall of lists, recent
presidents appear to exist in a state of heightened
accessibility, shown by the greater recency effect
that is akin to a short-term component for other
memory tasks involving recent events or people
[according to one theory (15); see also (16)]. That
is, collective memory has a window on the past
that recedes, although doubtless through mechanisms different from those involved in short-term
recall of lists.
Another interesting finding in our data is how
consistently the pre-recency presidents are remembered across generations of students in the first
study, as confirmed by the replication in our
second study. All samples also recalled Lincoln
and his immediate successors better than most
presidents and also recalled their ordinal positions. Why are these data so consistent? A possible explanation is that presidents who are viewed
as having been more historically influential are
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recall (especially ordinal position recall), perhaps
explaining why the second president, John Adams,
is recalled in position better than Thomas
Jefferson, a figure of greater historical importance (6, 7). Other researchers have supported
this claim (19, 20), but there are also dissenters
(21–23). Clearly Lincoln and his successors are
well remembered because of their association
with the American Civil War and the ending of
slavery, but it is notable that many students and
adults also often know that Lincoln was the 16th
president. This superior recall of a salient event
in a series resembles the isolation effect in list
recall (9–11).
Our results show that memories of famous
historical people and events can be studied objectively [see also (4, 5, 24, 25)]. We find two
different functions that characterize forgetting of
the presidents. First, for individuals, memory
for the order of presidents who served in office
during the individual’s lifetime (or a few years
before) declines linearly. Second, forgetting of
presidents across generations follows a power
function until an asymptote is reached, in line
with data from many other domains [(12, 13);
see (5) for similar results]. The asymptote probably reflects both the importance and frequency
of mention of the particular president (17). The
other notable feature of our results is the highly
consistent recall of presidents by college students
from several universities across a spread of 35
years, as well as by other Americans recruited
from MTurk in 2014. The high correlations point
to a great stability in how the presidents are
remembered across generations—a seemingly permanent form of collective memory [i.e., semantic
memory (26)].
RE FE RENCES AND N OT ES

1. J. V. Wertsch, Voices of Collective Remembering (Cambridge
Univ. Press, New York, 2002).
2. J. V. Wertsch, H. L. Roediger, Memory 16, 318–326 (2008).
3. H. L. Roediger, F. M. Zaromb, A. C. Butler, in Memory in Mind
and Culture, P. Boyer, J. V. Wertsch, Eds. (Cambridge Univ.
Press, Cambridge, 2009), chap. 6.
4. F. Zaromb, A. C. Butler, P. K. Agarwal, H. L. Roediger,
Mem. Cognit. 42, 383–399 (2014).
5. D. C. Rubin, Psychon. Bull. Rev. 5, 397–400 (1998).
6. H. L. Roediger, R. G. Crowder, Bull. Psychon. Soc. 8, 275–278
(1976).
7. R. G. Crowder, Mem. Cognit. 21, 142–145 (1993).
8. H. L. Roediger, D. G. Payne, G. L. Gillespie, D. S. Lean,
J. Verb. Learn. Verb. Behav. 21, 635–655 (1982).
9. H. von Restorff, Psychol. Forsch. 18, 299–342 (1933).
10. R. R. Hunt, Psychon. Bull. Rev. 2, 105–112 (1995).
11. R. R. Hunt, C. A. Lamb, J. Exp. Psychol. Learn. Mem. Cogn.
27, 1359–1366 (2001).
12. J. T. Wixted, E. B. Ebbesen, Mem. Cognit. 25, 731–739
(1997).
13. D. C. Rubin, A. E. Wenzel, Psychol. Rev. 103, 734–760
(1996).
14. G. Paolacci, J. Chandler, Curr. Dir. Psychol. Sci. 23, 184–188
(2014).
15. R. C. Atkinson, R. M. Shiffrin, Psychol. Learn. Motiv. 2,
89–195 (1968).
16. K. A. Ericsson, W. Kintsch, Psychol. Rev. 102, 211–245
(1995).
17. J. R. Anderson, L. J. Schooler, Psychol. Sci. 2, 396–408
(1991).
18. N. R. Silver, “Contemplating Obama’s place in history,
statistically.” New York Times (23 January 2013);
http://fivethirtyeight.blogs.nytimes.com/2013/01/23/
contemplating-obamas-place-in-history-statistically.
19. I. Neath, Mem. Cognit. 38, 659–666 (2010).

SCIENCE sciencemag.org

20. I. Neath, J. Saint-Aubin, Can. J. Exp. Psychol. 65, 77–83
(2011).
21. A. F. Healy, J. T. Parker, in The Nature of Remembering: Essays
in Honor of Robert G. Crowder, H. L. Roediger, J. S. Nairne,
I. Neath, A. M. Surprenant, Eds. (American Psychological
Association, Washington, DC, 2001), chap. 9.
22. A. F. Healy, T. F. Cunningham, K. M. Shea, J. A. Kole, in
The Foundations of Remembering: Essays in Honor of
Henry L. Roediger III, J. S. Nairne, Ed. (Psychology Press,
New York, 2007), chap. 12.
23. A. F. Healy, D. A. Havas, J. T. Parker, J. Mem. Lang. 42, 147–167
(2000).
24. M. R. Kelley, I. Neath, A. M. Surprenant, Mem. Cognit. 41,
600–610 (2013).
25. M. F. Overstreet, A. F. Healy, Mem. Cognit. 39, 251–259 (2011).
26. E. Tulving, in Organization of Memory, E. Tulving, W. Donaldson,
Eds. (Academic Press, New York, 1972), chap. 10.

the 1974 and 1991 data; K.A.D. programmed, collected, and analyzed
the 2009 and 2014 data; both authors analyzed and interpreted
the aggregate data and contributed to writing and revising this
manuscript. Data necessary to understand, assess, and extend the
conclusions of the manuscript are available in the supplementary
materials. A collaborative activity grant from the James S. McDonnell
Foundation provided funding for the Internet research. We thank
E. Tulving for his comments and A. M. Obenhaus, M. K. Bissell,
C. D. Gordon, and M. E. McDoniel for their help with data collection
and transcription. M. A. Wheeler collected the data reported in (7).
SUPPLEMENTARY MATERIALS

ACKN OWLED GMEN TS

www.sciencemag.org/content/346/6213/1106/suppl/DC1
Materials and Methods
Figs. S1 to S3
Tables S1 and S2
References (27–31)
Data

H.L.R. devised the concept and design of this research with the
assistance of K.A.D.; H.L.R. and colleagues collected and analyzed

5 August 2014; accepted 27 October 2014
10.1126/science.1259627

MITOCHONDRIA

Cell cycle–dependent regulation of
mitochondrial preprotein translocase
Angelika B. Harbauer,1,2,3,4 Magdalena Opalińska,1 Carolin Gerbeth,1,2,3
Josip S. Herman,1 Sanjana Rao,1,3,5* Birgit Schönfisch,1 Bernard Guiard,6
Oliver Schmidt,1,4† Nikolaus Pfanner,1,4‡ Chris Meisinger1,4‡
Mitochondria play central roles in cellular energy conversion, metabolism, and apoptosis.
Mitochondria import more than 1000 different proteins from the cytosol. It is unknown
if the mitochondrial protein import machinery is connected to the cell division cycle.
We found that the cyclin-dependent kinase Cdk1 stimulated assembly of the main
mitochondrial entry gate, the translocase of the outer membrane (TOM), in mitosis.
The molecular mechanism involved phosphorylation of the cytosolic precursor of Tom6
by cyclin Clb3-activated Cdk1, leading to enhanced import of Tom6 into mitochondria.
Tom6 phosphorylation promoted assembly of the protein import channel Tom40 and
import of fusion proteins, thus stimulating the respiratory activity of mitochondria in
mitosis. Tom6 phosphorylation provides a direct means for regulating mitochondrial
biogenesis and activity in a cell cycle-specific manner.
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itochondria are crucial for numerous
tasks, from adenosine 5′-triphosphate
synthesis and metabolism of amino acids,
lipids, iron, and heme to apoptosis (1–8).
Mitochondria cannot be formed de novo,
but can be formed only by growth and division of
preexisting organelles. Growth of mitochondria
depends on the import of a large number of cytosolically synthesized precursor proteins. Multiple
pathways of protein import into mitochondria
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have been identified (2, 3, 9). Nearly all pathways
use the main mitochondrial entry gate, the translocase of the outer membrane (TOM). Mitochondria form a dynamic network that is continuously
remodeled by fusion and fission events that, together with cytoskeleton-dependent transport
and anchoring in daughter and mother cells, ensure a proper distribution of mitochondria during cell division (5, 7, 10–13). Cell cycle–dependent
regulation of mitochondrial components has been
observed in a few cases, including activation of
the fission protein Drp1, of respiratory complex I,
and of a mitochondrial DNA binding protein;
the fusion protein Fzo1 is degraded upon arrest
of yeast cells in G1 phase (14–19). Whereas mitochondrial protein import is regulated by cytosolic
kinases under different metabolic conditions (respiratory versus nonrespiratory) (20, 21), whether
protein import and the cell cycle are connected
is not clear.
We used budding yeast as model organism
to study the mitochondrial protein import machinery in different phases of the cell cycle.
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