
feather rachises create less turbulent flow (12),
which is an effect hypothesized to explain a lower
observed drag coefficient than predicted from
streamlined penguin body shape alone (14). They
also facilitate reduction of intraplumage air (15).
Most of the insulating properties of extant pen-
guin contour feathers derive from their plumula-
ceous afterfeathers (16), which are not preserved
or not present in Inkayacu.

Inkayacu shows that the large, subround mel-
anosomes of extant penguin feathers were absent
early in penguin evolution. At minimum, an in-
crease in melanosome size and a decrease in their
aspect ratio occurred after the early Eocene diver-
gence of the clade that includes Inkayacu (Fig. 4,
Clade X) and before the origin of extant penguins
(Spheniscidae) by the late Miocene (5). The spe-
cific proportions of extant penguinmelanosomes,
the packing of these melanosomes into clusters
within the barbs and rachis (10), and yellow, pterin-
like pigmentation (17) are so far only known in the
penguin crown clade.

Shifts in penguin plumage coloration indi-
cated by the fossil may be linked to differences in
ecology, thermoregulatory demands (18), or the
more recent, predominantly Neogene, diversifi-
cation of their primary mammalian predators
(19, 20). However, they do not explain the aberrant
melanosome morphology associated with extant
penguin brown-black color. Indeed, rather than
selection for color, these changes may represent
an unanticipated response to the hydrodynamic

demands of underwater propulsion. Low aspect
ratio, large size, and clustered melanosome distri-
bution (10) may affect melanin packing and fea-
ther material properties. Melanin confers resistance
to fracture (6, 21, 22), which is important to mate-
rials like feathers subjected to cyclical loading (22).
Selective pressures for the color and material prop-
erties of penguin feathers could thus have led to
nanoscale changes in melanosome morphology.
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Effects of Rapid Global Warming at the
Paleocene-Eocene Boundary on
Neotropical Vegetation
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Humberto Carvajal-Ortiz,6,1 Lisa M. Pratt,6 Srinath Krishnan,5 Agustin Cardona,1

Millerlandy Romero,1 Luis Quiroz,1,7 Guillermo Rodriguez,3,8 Milton J. Rueda,9,3

Felipe de la Parra,3 Sara Morón,1,10 Walton Green,1 German Bayona,11,1 Camilo Montes,1,11

Oscar Quintero,12 Rafael Ramirez,13 Germán Mora,14 Stefan Schouten,15 Hermann Bermudez,16

Rosa Navarrete,17 Francisco Parra,18 Mauricio Alvarán,16 Jose Osorno,19 James L. Crowley,20

Victor Valencia,21 Jeff Vervoort22

Temperatures in tropical regions are estimated to have increased by 3° to 5°C, compared with
Late Paleocene values, during the Paleocene-Eocene Thermal Maximum (PETM, 56.3 million years
ago) event. We investigated the tropical forest response to this rapid warming by evaluating
the palynological record of three stratigraphic sections in eastern Colombia and western Venezuela.
We observed a rapid and distinct increase in plant diversity and origination rates, with a set of
new taxa, mostly angiosperms, added to the existing stock of low-diversity Paleocene flora. There is
no evidence for enhanced aridity in the northern Neotropics. The tropical rainforest was able
to persist under elevated temperatures and high levels of atmospheric carbon dioxide, in contrast
to speculations that tropical ecosystems were severely compromised by heat stress.

The Late Paleocene-Eocene Thermal Max-
imum [PETM, 56.3 million years ago
(Ma)], lasting only ~100,000 to 200,000

years, was one of the most abrupt global warming
events of the past 65 million years (1–3). The

PETM is associated with a large negative carbon
isotope excursion recorded in carbonate and
organic materials, reflecting a massive release of
13C-depleted carbon (4, 5), an ~5°C increase in
mean global temperature in ~10,000 to 20,000

years (1), a rapid and transient northwardmigration
of plants in North America (6), and a mammalian
turnover in North America and Europe (7).

Efforts to understand the impact of climate
change on terrestrial environments have focused
on mid- to high-latitude localities, but little is
known of tropical ecosystems during the PETM.
Tropical temperature change is poorly constrained,
but, given the magnitude of temperature change
elsewhere, tropical ecosystems are thought to have
suffered extensively because mean temperatures
are surmised to have exceeded the ecosystems’
heat tolerance (8).

For this study, three tropical terrestrial PETM
sites from Colombia and Venezuela were ana-
lyzed for pollen and spore content and stable car-
bon isotopic composition of organic materials
(Fig. 1) (9). The analysis included 317 pollen
samples, 1104 morphospecies, and 37,952 indi-
vidual occurrences together with 489 carbon
isotopes samples, 21 plant biomarker samples,
and one radiometric age (9). Localities Mar 2X
(core), Riecito Mache (outcrop), and Gonzales
(outcrop and well) contain sediments that accu-
mulated in fluvial to coastal plain settings. Bio-
stratigraphy and carbon isotope stratigraphy, using
bulk d13C and plant wax n-alkanes, confirm the
position of the PETM at the three sites (Figs. 2
and 3) (9), which is not associated with any for-
mation boundary or major lithological or deposi-
tional environment change. The location of the
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PETM is further confirmed by a U-Pb radiometric
dating of a felsic volcanic tuff found within the
PETM in Riecito Mache section (Fig. 3) (9).

Plant standing diversity, inferred from pollen
assemblages at Mar 2X (Fig. 2D) and Riecito
Mache (Fig. 3C), shows a low diversity during
the Late Paleocene, followed by a significant in-
crease during the PETM.Low-diversity Paleocene
floras and an increase in Early Eocene diversity
had been previously observed in tropical South
America (10, 11), but the timing of the onset of the
diversity changes was not resolved. Within-sample
diversity in Mar 2X (9) shows a pattern similar to
that for standing diversity. Paleocene samples
(mean = 23.5) have fewer species than the PETM
(mean = 35.9,P< 0.00449, df = 23.9), rarefied to
a grain count of 150 (maintained even at a 100-
grain count, Fig. 2C), whereas no significant dif-
ference is observed between the PETM and the
Eocene (mean = 38.9, P < 0.33, df = 12.04). Sim-
ilar diversity patterns characterize Gonzales (Fig.
3C), but within-sample diversity could not be cal-
culated for Riecito Mache (9). The Simpson in-
dex, which measures the probability that two
individuals taken at random will not belong to the
same species, also reveals a similar pattern. InMar
2X, the Simpson index is higher for the PETM
(mean = 0.90) than for the Paleocene (mean =
0.76, P < 0.0008, df = 30.4), whereas the PETM
and the Eocene (mean = 0.89) show no difference
(P < 0.44, df = 54.8). A higher Simpson index for
the PETM indicates that it has more species per
sample than the Paleocene (as indicated by the
higher within-sample diversity) and more evenly
distributed species abundances. A similar pattern

is recorded for Gonzales, but the Simpson index is
slightly higher for the Eocene. In contrast, the
Simpson index of the PETM at Riecito Mache
was only slightly higher than the Paleocene, but
the difference is not significant (9).

Taxa were divided into three groups, those for
which extinction occurs in the Late Paleocene
(P taxa), those whose origination occurs in the
Early Eocene, including the PETM (E taxa), and
those that are found in both the Paleocene and the
Eocene (PE taxa). At the Mar 2X locality, stand-
ing diversity is lower for P taxa (13.6) than for E
taxa (85.7; P < 0.001, df = 91.6) (Fig. 2E). Pa-
leocene samples have a slightly higher standing
diversity of PE taxa than Eocene samples (157.6
on the Paleocene side versus 135.8 on the Eocene
side; P < 0.001, df = 58.542). When relative
abundances are compared, the relation is similar,
with P taxa less abundant in the Paleocene flora
(4.6%of the assemblage) than E taxa in the Eocene
flora (23.8% of the assemblage; P < 0.001, df =
107.9). The Paleocene flora at Mar 2X is com-
posed largely of taxa that persisted into the Early
Eocene, a pattern also evident in both Riecito
Mache and Gonzales (Fig. 3D). Thus, our results
demonstrate that the increase in tropical floral di-
versity during the PETMandEarly Eocene resulted
from the addition of a large set of new species,
mostly angiosperms, to the existing, low-diversity
floras that were holdovers from the Paleocene.

We assessed changes in floral composition by
using a detrended correspondence analysis (DCA)
and agglomerative clustering (9). TheDCA shows
a gradual change in flora during the PETM in the
three studied sites (Figs. 2B and 3B) that is con-
firmed by the clustering analysis (9) (fig. S13),
indicating that there was a significant change in
the overall plant assemblage across the PETM.
Even though we still do not know the affinities
of ~85% of the flora, we were able to compare
the remaining 15% (9). Diversity remained un-
changed from the Paleocene into the Early Eocene
for many families, including Polypodiaceae (ferns),
Podocarpaceae (gymnosperms), Onagraceae,
Ctenolophonaceae, Annonaceae, Moraceae,
Rhizophoraceae, and Ulmaceae. However, diver-
sity decreased in Proteaceae and increased in

Arecaceae (palms), Bombacoideae, Fabaceae, Ara-
ceae, Poaceae, and Convolvulaceae. New families
also appeared (i) during the uppermost Paleocene,
includingMyrtaceae, Sapotaceae, and Passifloraceae;
(ii) within the PETM, including Sterculioideae,
Euphorbiaceae, and Pellicieraceae; and (iii) during
theEarlyEocene, includingOlacaceae andEricaceae.
Most of these originations, such as Sapotaceae,
Passifloraceae, Ericaceae, Sterculioideae, Euphor-
biaceae, and Pellicieraceae, represent the oldest
pollen records for each family in the neotropics
(12). Relative abundances show a similar pattern
(Fig. 2).

The rate of extinction increased slightly dur-
ing the PETM at a rate comparable to that during
intervals within the Early Eocene (Fig. 4), with
the gradual extinction of a small proportion
(~5%) of Paleocene flora. However, extinction
does not appear different from the background
extinction rates of the entire sequence (Fig. 4). In
contrast, per capita rate of origination increased
significantly within the PETM interval (Fig. 4).
Although the rates of origination continued to be
high into the Early Eocene (10), the increase in
rate began within the PETM.

Overall diversity and composition analysis
suggest that the onset of the PETM is concomitant
with an increase in diversity produced by the addi-
tion of many taxa (with some representing new
families) to the stock of preexisting Paleocene taxa.
This change in diversity was permanent and not
transient, as documented for temperate North
America (6). Interestingly, phylogenetic molec-
ular studies of extant ephypitic ferns (which are
mostly restricted to tropical rainforest canopies)
and orchids indicate a major radiation at the onset
of the Eocene (13, 14).

Temperature and precipitation are important
factors affecting plant communities. Estimates of
PETM mean annual temperature (MAT) from
tropical latitudes are scarce. By using both pub-
lished literature and TEX86 values from a nearby
marine core [P2 core (Fig. 1 and fig. S14) (9)], we
estimate that tropical temperatures during the
PETM increased by ~3°C in the northern Neo-
tropics and that mean temperatures were between
31° and 34°C (T2°C) during the peak of global

Fig. 1. Geographical location of
the studied sections. Inset shows
the Late Paleocene paleogeo-
graphic location of the studied
sections [paleogeographic map
after (27)]. Note that the north-
ern Andes had not been uplifted
yet, and most of Central America
was still underwater.
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warmth [see (9) for a detailed explanation]. To
reconstruct regional hydrology, we classified plant
families according to the rainfall preferences using
Gentry’s neotropical plant data set (15) into dry-
versus wet-preferred habitats (9) (table S9). Both
Paleocene and Eocene are dominated by families
indicating wet habitats, with no significant differ-
ence across the Paleocene-Eocene (Paleocene =
64%, Eocene = 61%, P < 0.49, df = 32.5), and
low abundance of dry elements (e.g., Poaceae) that
represents <2% of the assemblage (Paleocene =
0.7%, Eocene = 2%), all suggesting that no in-
crease in aridity occurred across the PETM. This
conclusion is further supported by stable carbon
and hydrogen isotope (D/H) compositions of
higher-plant–derived n-alkanes at site Mar 2X. A
negative carbon isotope excursion (CIE) is evident
in all n-alkanes measured and ranges between 2
and 3 per mil (‰), roughly matching bulk organic
13C/12C (d13C) trends (Fig. 1 and fig S11) (9). At
the onset of the PETM, n-alkane D/H composi-
tions becomemoreD-depleted (~35‰) and do not
return to pre-PETM values within the measured

section (9) (fig. S12). Changes in the D/H com-
position of plant lipids are related to changes in
biosynthetic fractionation (related to a plant’s spe-
cific water-use efficiency), meteoric water D/H
composition, amount of precipitation, and mois-
ture recycling in forest ecosystems. Given the
setting of these sites and the observed increase in
tropical rainforest diversity, the negative shift in
the hydrogen isotope value (dD) of n-alkanes
likely reflects the predominance of D-depleted
precipitation related to increased precipitation
during rainout events (e.g., amount effects).

If we assume that our compound-specific d13C
record captures the maximum extent of the CIE
within the body of the PETM, amuch smaller CIE
is observed at Mar 2X relative to the ~4.6‰ ex-
cursion recorded globally (16). In addition to the
atmospheric carbon isotopic composition, environ-
mental parameters in tropical rainforests that in-
fluence n-alkane d13C values include water stress
(17), ecosystem changes (related to changes in
net isotope fractionation) (16), and canopy effects
(18). It is possible that the smaller CIE recorded

in this study resulted from ecosystem turnover
and the prevalence of flora with higher water-use
efficiencies. Alternatively, temporal changes in
the carbon isotopic composition could be attrib-
utable to changes in mean annual precipitation
(MAP), given that relations between total carbon
isotope fractionation during carbon fixation and
MAP have been observed today (16). A smaller
CIE could imply that MAP decreased in the trop-
ics, an interpretation unsupported by floral as-
semblages or by the dD record, which displays a
negative shift (~–35‰) during the onset of the
PETM. However, we cannot exclude the possi-
bility that changes in moisture recycling also in-
fluenced the D/H record. Indeed, it is difficult to
explain the totality of the carbon isotope record in
light of our understanding of the PETM else-
where. For example, carbon isotope compositions
return to pre-event values by the end of the PETM,
albeit slightly more negative as observed globally.
However, the recovery phase at our localities is
not accompanied by changes in vegetation, in-
consistent with our assumption that ecosystem
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Fig. 2. Changes in palynofloral diversity and composition across the PETM in
the Mar 2X core. The lithological description of the core and key biostratigraphic
events are shown to the left. (A) d13C values of bulk organic matter across the
PETM. Isotope data from the lowest part of the section was previously published
(28). Blue line corresponds to a 20-point running mean of bulk data. (Inset)
d13C values of the C31 n-alkanes (n-C31) showing a pattern similar to those of n-
C25, n-C27, and n-C29 (fig. S11). (B). First axis of a DCA, which explains 34.9% of
the total variance in species composition along the stratigraphic profile.
Paleocene palynofloras are distinct from Eocene palynofloras, with a gradual
transition during the PETM. (C) Within-sample (rarefied) diversity at a count of
100 grains. The Paleocene (mean = 21.8) is less diverse than the PETM (30.3),
and the PETM and Eocene (31.5) are very similar. (D) Pollen and spore standing
diversity using the range-through method and eliminating edge effect and

single-occurrence species. Note increase in diversity at the onset of the PETM. (E)
Eocene-restricted taxa (blue) are more diverse than Paleocene-restricted taxa
(red), whereas diversity of taxa that cross the Paleocene into the Eocene (green)
does not change. Increase in diversity at the onset of the PETM is due to a large
addition of taxa to the preexisting Paleocene flora. Family relative abundances
are shown to the right of the figure. Families that are more abundant in the
Paleocene are shown in purple; families that do not change in abundance across
the Paleocene/Eocene transition, green; families that are more abundant in the
Eocene, dark blue; and families that originate at the latest Paleocene, PETM, or
Early Eocene, light blue. Images in the lower left correspond to distinct taxa of
the sequence: Retidiporites magdalenensis (Proteaceae), Momipites africanus
(Moraceae), Corsinipollenites undulatus (Onagraceae), and Rhoipites guianensis
(Sterculioideae).
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turnover was the cause for the relatively 13C-
enriched CIE. More likely, a smaller CIE from
this study could simply be the result of incomplete
recovery of the PETM maxima.

Today, most tropical rainforests are found at
MAT below 27.5°C. Many have argued that trop-
ical communities live near their climatic optimum
(19) and that higher temperatures could be
deleterious to the health of tropical ecosystems
(8, 19–23). Indeed, tropical warming during the
PETM is surmised to have produced intolerable

conditions for tropical ecosystems (8, 21), although
31° to 34°C is still within the maximum tolerance
of leaf temperature of some tropical plants (24).
We recognize that further studies toward the
center of the South American continent need to
be performed in order to understand the effects of
warming in more continental tropical settings.
However, at our sites in northern South America,
tropical forests were maintained during the warmth
of the PETM (~31° to 34°C). Greenhouse exper-
iments have shown that high levels of CO2 together
with high levels of soil moisture improve the per-
formance of plants under high temperatures (25),
and it is possible that higher Paleogene CO2 levels
(26) contributed to their success. Higher precipita-
tion amounts could have been as important as high
CO2. Precipitation reconstruction from a nearby
Late Paleocene site, Cerrejon, indicate high pre-
cipitation regimes: about 3.2 m of rain per year
(11). Our data, including a –35% shift in leaf-wax
dD values, no increase in plant abundance of dry
indicators (e.g., Poaceae), absence of a large plant
extinction, high plant diversity, and high abun-
dance of families typical of wet tropical rainforests
(such as Annonaceae, Passifloraceae, Sapotaceae,
Araceae, and Arecaceae), suggest that precipita-
tion in the northern Neotropics during the PETM
was either similar to Paleocene levels (3.2 m/year)
or higher. Indeed, it is possible that rainforest fam-
ilies in general, which have been present in the
Neotropics since the Paleocene (11), have the ge-
netic variability to cope with high temperatures,
CO2, and rainfall (25).
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running mean of bulk data. (B) First axis of a DCA, which explains 22.2%
(Riecito Mache) and 34.6% (Gonzales) of the total variance in species
composition along the stratigraphic profile. (C) Pollen and spore standing
diversity using the range-through method and eliminating edge effect and
single-occurrence species. Note the increase in diversity at the onset of the
PETM. (D) PETM-restricted taxa (blue) are more diverse than Paleocene-

restricted taxa (red), whereas diversity of taxa that cross from the Paleocene
into the PETM (green) does not change. Increase in diversity at the onset of
the PETM is due to a large addition of taxa to the preexisting Paleocene
flora. (E) Within-sample (rarefied) diversity at a count of 100 grains. The
PETM (mean = 18.1) is more diverse than the Paleocene (12.5) and less
diverse than the Eocene (26.2).
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Conditional Cooperation and Costly
Monitoring Explain Success in Forest
Commons Management
Devesh Rustagi,1* Stefanie Engel,1 Michael Kosfeld2*

Recent evidence suggests that prosocial behaviors like conditional cooperation and costly norm
enforcement can stabilize large-scale cooperation for commons management. However, field evidence
on the extent to which variation in these behaviors among actual commons users accounts for natural
commons outcomes is altogether missing. Here, we combine experimental measures of conditional
cooperation and survey measures on costly monitoring among 49 forest user groups in Ethiopia with
measures of natural forest commons outcomes to show that (i) groups vary in conditional cooperator
share, (ii) groups with larger conditional cooperator share are more successful in forest commons
management, and (iii) costly monitoring is a key instrument with which conditional cooperators enforce
cooperation. Our findings are consistent with models of gene-culture coevolution on human
cooperation and provide external validity to laboratory experiments on social dilemmas.

Maintaining large-scale cooperation for
the provision of public goods and the
management of common property is

fraught with the infamous cooperation dilemma in
which free riders enjoy group benefits without
bearing the cost of their provision. The conven-
tional analysis, based on the assumption of self-
regarding individuals, predicts zero cooperation
under these conditions (1, 2). Yet extensive field
evidence underlines that many groups are able to
manage their commons, albeit with varying degrees
of success (3, 4). This marked deviation from the
conventional hypothesis as well as the variation in
management success necessitates a coherent theory
of human collective behavior that explains well the
observed variation in cooperation outcomes. In
addition to structural factors like resource character-
istics, group size, and socioeconomic heterogeneity
(3–5), recent findings suggest that social behaviors,
such as the norm of conditional cooperation (in-
dividual cooperation being conditional on the
cooperation of others) together with the costly
enforcement of this norm, may play an important
role in stabilizing large-scale cooperation (6–8).

Much of the evidence for conditional coop-
eration comes from behavioral laboratory exper-
iments with student participants showing that
individuals display a considerable heterogeneity
in their behavioral disposition to cooperate. Al-
though a large proportion of participants reveal
conditionally cooperative behavior, a nontrivial
share meets the conventional assumption by be-
having as free riders (9–14). Because conditional
cooperators do not cooperate if many group
members ride for free, the composition of a group
becomes decisive for the prospects of maintain-
ing cooperation. Whereas voluntary cooperation
may be achieved in groups with larger share of
conditional cooperators (15, 16), in heterogeneous
groups costly norm enforcement is needed to at-
tain cooperation (6, 17–21). Evidence shows that
many individuals, in particular those with a high
propensity to cooperate, are willing to enforce co-
operation even at a personal cost (17, 22–26) and
that this has a positive effect on group members’
contribution (17, 19, 27, 28).

The large body of evidence for conditional
cooperation and costly norm enforcement is com-
pelling. However, unless the relations between
these behaviors and the way they affect outcomes
of commons management are investigated in a
concrete field setting, where one can account for
context-specific information regarding relevant
structural factors, their ultimate impact for com-
mons management is hard to evaluate (29–31).
Although previous studies have conducted be-

havioral experiments with diverse populations
including commons users (26, 32–36) and have
tentatively documented the importance of local
enforcement in the field (21, 37), reliable evi-
dence on the extent to which variation in con-
ditional cooperation and costly norm enforcement
among commons users affects natural commons
outcomes is altogether missing.

We combined data on natural outcomes of
commons management with experimental mea-
sures of conditional cooperation among 679 indi-
viduals from 49 commons user groups to investigate
whether groups with larger share of conditional
cooperators achieve better outcomes (38). We
also measured costly enforcement through sur-
vey data on monitoring, an important input for
the detection and punishment of free riding in
our context, to analyze the extent to which moni-
toring plays a role in sustaining commons out-
comes by conditional cooperators. In doing so,
we aimed to underline the conditions under which
local enforcement of commons management is
predicted to work.

Our research strategy was to carry out these
investigations in a field setting where individuals
in a group face a natural commons dilemma and
use costly enforcement mechanisms to overcome
this dilemma and where there exists a reliable
measure of cooperation outcomes in commons
management. We conducted our study in the con-
text of a major forest commons management
program launched to save local forests and live-
lihoods in the Bale region of Ethiopia. Under the
program, groups of the Bale Oromo people were
given secure tenure rights to use and manage
their forests as common property resources (39).
In return, these groups are required to maintain
their forest cover, for which they are allowed to
implement local rules regarding forest use, for
instance, the amount of fuelwood a member is
allowed to harvest for self-consumption and sale.
While managing their forest as a common prop-
erty, group members confront cooperation dilem-
mas, because each member is better off when
every member in the group cooperates by ad-
hering to internal rules; however, violating the
rules leads to higher payoffs, for instance, from
the sale of extra fuelwood, implying that indi-
vidual members might have little incentive to co-
operate. To overcome this first-order dilemma,
members have the option to engage in costly
monitoring, which involves conducting patrols
through the forest. Such patrols not only deter
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