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Response of tropical vegetation to Paleogene warming

Carlos A. Jaramillo

Abstract.—The late Paleocene-early Eocene transition was characterized by a long period of global
warming that culminated with the highest temperatures of the Cenozoic. This interval is associated
with a significant increase in plant diversity in temperate latitudes. However, data from tropical
regions remain largely unknown. The record of pollen and spore diversity across the late Paleocene
to the early middle Eocene of eight sections in central and eastern Colombia was analyzed. Several
techniques, including range-through method, rarefaction, bootstrap, detrended correspondence
analysis, and Shannon index, were used to assess the significance of the observed diversity pattern.
The palynofloral record indicates that the lower to middle Eocene contains a significantly higher
palynofloral diversity than the underlying upper Paleocene strata. This pattern is maintained after
accounting for sample size, number of samples/time unit, lithofacies, and depositional systems.
Eocene palynofloras have higher alpha and beta diversities and a higher equitability than Paleocene
palynofloras. This increase in diversity is the product of a gradual increase in the rate of first ap-
pearances and a gradual decrease in the rate of last appearances. The early to middle Eocene in-
crease in diversity, as well as the increase in spore abundance and diversity, suggests that tropical
(equatorial) climate became wetter during the early to middle Eocene. This interpretation favors
causes for early Eocene warming that do not involve significant increases in greenhouse gases.
Samples from strata associated with the Paleocene/Eocene thermal maximum were barren for pa-

lynomorphs, and the effects of this climatic event on tropical vegetation remains uncertain.
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Introduction

The late Paleocene—early Eocene interval is
characterized by a long period of global warm-
ing that culminated in the Eocene thermal
maximum, the highest ocean temperature of
the last 65 million years. The warming has two
distinct peaks, at the Paleocene/Eocene bound-
ary and in the middle to late early Eocene.

The climatic event at the Paleocene/Eocene
boundary (PETM, formally known as *‘late Pa-
leocene thermal maximum’ or LPTM, of Za-
chos et al. 1993) is recognized by a rapid
(~125-200 Kyr) worldwide warming and a
change in ocean circulation (Miller et al. 1987;
Kennett and Stott 1991; Pak and Miller 1992;
Zachos et al. 1993). Antarctic surface and
deep-water temperatures increased from
~14°C to ~20°C and from ~10°C to ~18°C re-
spectively (Kennett and Stott 1991), and sub-
tropical sea-surface waters warmed by at least
1-4°C (Thomas et al. 1999). The PETM is as-
sociated with a global negative anomaly
(—2%o0 to —3%o) of the carbon isotope record
that is documented in both terrestrial and ma-

© 2002 The Paleontological Society. All rights reserved.

rine environments and records a massive re-
lease of methane from sedimentary reservoirs
(Norris and Rohl 1999). The PETM correlates
with a low to moderate decrease in plant di-
versity in midlatitudes of North America
(Wing et al. 1995; Wing 1998), and a dramatic
mammalian turnover (Clyde and Gingerich
1998) in North America and Europe. Tropical
planktonic foraminifera diversified during
this time (Kelly et al. 1998), while deep-sea
benthic foraminifera suffered a major extinc-
tion (Pak and Miller 1992).

The climate of the late early Eocene (or Eo-
cene thermal maximum, ETM) is recognized
as having the highest mean ocean temperature
in the Tertiary (Wolfe 1978; Wolfe and Poore
1982; Miller et al. 1987; Prentice and Matthews
1988), greatly affecting the vegetation in both
southern and northern middle to high lati-
tudes where a large increase in plant diversity
has been documented (Askin and Spicer 1995;
Christophel 1995; Wing et al. 1995; Wing
1998).

Competing models exist for explaining the
ETM. Increases in both greenhouse gases and
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oceanic heat transport have been proposed to
explain the nature of this warm climate (Rind
and Chandler 1991; Pak and Miller 1992; Sloan
and Barron 1992; Sloan et al. 1995). When lev-
els of atmospheric CO, similar to preindustri-
al values are used in these models, a slight
cooling in terrestrial tropical environments,
especially for South America, is produced
(Sloan and Rea 1995; Sloan and Morrill 1998).
Conversely, when CO, levels six times higher
than preindustrial values are used (green-
house model), land temperature in the Tropics
rises by 4°C and soil moisture decreases
(Sloan et al. 1995). Proxy data from tropical re-
gions for the ETM are still scarce, but most do
not show a significant increase in sea-surface
temperature (SST), in spite of a temperature
estimation bias toward values slightly cooler
than the actual SST (Crowley and Zachos
2000). Oxygen isotope values of planktonic
and benthic foraminifera for the late Paleocene
to early middle Eocene indicate that tropical
sea-surface temperature increased just slight-
ly (~1°C), with values similar to those in the
Holocene (Zachos et al. 1994). However, the
data points analyzed from tropical regions are
very few (one site for the late Paleocene, two
sites for the early Eocene, and no sites for the
early middle Eocene). Bralower et al. (1995)
reports temperatures slightly cooler than
those of today during the early Eocene, fol-
lowed by 3-6°C cooling in the late early to
middle Eocene.

Data from terrestrial tropical regions are
unavailable to test these models and further
improve our understanding of these examples
of global warming. How did tropical vegeta-
tion respond to climate change? Is there any
coordination between floral and climatic
change? Initial data suggest that there was a
significant change in floral composition and
diversity across the Paleocene-Eocene transi-
tion in the Tropics (Jaramillo and Dilcher
2000).

The effects of Quaternary climatic changes
upon tropical vegetation of South America
have been the subject of an intense debate over
the last decade (Hooghiemstra and Van der
Hammen 1998). The proponents of the refugia
hypothesis indicate that savannas expanded
and rain forest was reduced to fragments dur-
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ing dry and cool glacial intervals (Hooghiem-
stra and Van der Hammen 1998). On the other
hand, others have suggested stability and con-
tinuity of the rain forest cover during glacia-
tion periods (Haberle and Maslin 1999; Col-
invaux and Oliveira 2001) with a migration of
cool-tolerant plant species toward forested
lowland areas, and centers of endemism being
areas of maximal disturbance, rather than
maximal stability, as the refugia hypothesis
states (Bush 1994; Colinvaux et al. 2000). It
seems that the rain forest has expanded south
since the last glacial maximum (Mayle et al.
2000). Other data, however, show that savanna
expanded north in southern Amazonia during
the early and middle Holocene (Freitas et al.
2001). Vegetation models indicate that changes
in vegetation structure were more important
than biome changes during the last glacial
maximum (Cowling et al. 2001). Precipitation
data are also highly controversial, with data
showing a drier (Maslin and Burns 2000), or
wetter (Baker et al. 2001a,b), last glacial max-
imum and Younger Dryas. Data density for
the fossil record of Neotropical forests is still
too low to understand the effect that the gla-
cial-interglacial cycles had upon forest diver-
sity, distribution, and structure.

This study analyzes the pollen and spore re-
cord of eight stratigraphic sections encom-
passing the Paleocene—Eocene transition in
central and eastern Colombia. An analysis of
palynofloral diversity, composition, and struc-
ture is presented and its relation to climate
change is discussed.

Methods

Eight stratigraphic sections encompassing
the late Paleocene-middle Eocene transition
were studied in central and eastern Colombia
(Fig. 1). Environments of deposition range
from fluvial plain to lower coastal plain-es-
tuarine deposits (Jaramillo and Dilcher 2000,
2001).

A biostratigraphic framework slightly mod-
ified from that of Jaramillo and Dilcher (2001)
was used to date each section. This framework
was based on the graphic correlation of paly-
nomorphs. The equation of the line of corre-
lation for each of the sections was used to ex-
trapolate the stratigraphic position of samples
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Ficure 1. Location of the outcrop sections (Pifialerita,
Uribe, Regadera) and cores (C4, P11, Veta-1, Tiba-1, ICPE-
2) analyzed in this study. Pifialerita (4°54’N,73°1'W), Re-
gadera (7°42'N-72°37'W), and Uribe (7°20"N,73°20"W) out-
crop sections, and TibU-1 (8°37'33.78"N,72°41'21.82"W),
Veta-1 (8°52'41.40"N,72°50'24.63"W), ICPE-2 (7°5'48.38"N,
73°23'59.33"W), C4 (5°2'34.89"N,72°42'11.10"W), and P11
(9°3'43.415"N,72°58'2.454"\W) cores.

into the Pifalerita section, chosen as the ref-
erence section (Fig. 2). Samples with sums of
pollen/spores below 40 grains were excluded
from the analyses. The Paleocene/Eocene
boundary is not clearly defined and lies in an
interval between meters 332.6 and 451.1 of the
reference section. The early/middle Eocene
boundary is tentatively located at meter 670 of
the reference section (Fig. 2).

Various techniques were used to analyze the
patterns of pollen and spore diversity (the
word diversity is used here to denote number
of species [Rosenzweig 1995]): (1) The range-
through method (Boltovskoy 1988) was used
to estimate standing diversity. This method
assumes that a taxon is present in all samples
that lie between its first- and last-appearance
datum. It minimizes the effect that facies-re-
lated fossils and differences in capture prob-
ability have on standing diversity. The stand-
ing diversity was calculated by excluding
unique taxa (those that are present in only one
sample), because they can introduce noise to
the diversity pattern (Wing 1998). (2) Sand-
ers’s rarefaction, an interpolation technique,
was used to estimate how many species might
have been found within a sample if the sample
had been smaller (Raup 1975). Thus, diversity
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of small and large samples can be compared
on equal terms. (3) Bootstrapping is a tech-
nique that facilitates comparison of intervals
with different sample density (Gilinsky 1991).
A single sample is selected at random, the
number of species is counted on the basis of
that sample, a second sample is selected and
the number of species is recalculated using the
pooled data from both samples, a third is se-
lected, and the process continues until all
samples are included (Colwell and Codding-
ton 1994). The whole process was repeated 50
times, and mean and standard deviation were
calculated for each sampling level. Both em-
pirical diversity data and an estimator of spe-
cies diversity (Chao,) were used. SChao, =
Sobs + {[Q,?/2(Q, + 1)] — [Q,Q.72(Q, + 1)’]}
SChao, = estimated number of species, Sobs =
total number of species observed in all sam-
ples pooled, Q, = uniques, the number of spe-
cies that occur in exactly one sample, Q, =
doubles, the number of species that occur in
exactly two samples (Colwell 2000). This es-
timator is very responsive to low sample num-
bers and highly diverse data sets (Colwell and
Coddington 1994). (4) The Shannon index (H
= —23p, log,, p;, p; = proportion of individuals
that belong to species i) is a measure of un-
certainty of a selection process (Hayek and
Buzas 1997; Zar 1999). A maximum value of H
occurs when species are equally abundant in
a sample, therefore the uncertainty of know-
ing which species will be observed next would
be the highest (Hayek and Buzas 1997). His a
function of the number of species and the
abundance distribution of individuals within
those species (Hayek and Buzas 1997). (5)
Evenness (J = H/Hmax) is a measure of the
abundance distribution of a population (Hay-
ek and Buzas 1997). The highest possible
evenness (J = 1) occurs when all species have
the same number of individuals. A low value
indicates that most of the assemblage is dom-
inated by only a few species. (6) The overall
variation in floral composition throughout the
section was observed by using detrended cor-
respondence analysis, or DCA (Hill and
Gauch 1980). DCA summarizes variation in
the composition of the assemblages in a small
number of dimensions (Wing 1998), and it is
an appropriate ordination for nonlinear data
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FIGURE 2. Lines of correlation for each of the sections compared with the reference section (Pifialerita). The Pifi-

alerita has also been added to the graphic to allow the visual comparison of the accumulation rates of each section
versus the reference section. Note that the Pifialerita line is not a correlation line; it is only a plot of the section
against itself. m.E. = middle Eocene; |I. Eocene = lower Eocene.

(Pielou 1984). The ordination was performed
on the raw abundance data. Rare taxa were
down-weighted using the algorithm of Orloci
(Kovach 1998). (7) The Jaccard’s Coefficient
and the modified Morisita-Horn similarity in-
dex were used to assess the similarity among
samples (Magurran 1988). Jaccard’s index is
based on presence-absence data, whereas
Morisita-Horn uses abundance data. Morisita-
Horn is sensitive to very abundant species;
therefore, abundance data were transformed
before the analysis by taking the square root
of each value. (8) Rates of first and last ap-
pearances were calculated using a four-step
procedure. First, stratigraphic meters of the
composite section were converted to time.
Linear accumulation rates were assumed be-
tween the chronostratigraphic boundaries
used for this study. Dating of the boundaries
follows that of Berggren et al. (1995) and Nor-
ris and Rohl (1999). Second, first- and last-ap-
pearance datums (FADs and LADs respec-
tively) of each species were sorted from oldest
to youngest. Only FADs and LADs derived
from this study were used, and uniques were
excluded from analysis. Third, it was neces-

sary to estimate the edge effect (Foote 2000) in
the number of FADs and LADs throughout the
reference section. The edge effect is an exag-
gerated high concentration of FADs at the be-
ginning of a section and high concentration of
LADs at the end of a section (Boltovskoy
1988). A piecewise regression was performed
to estimate the edge effect. This type of re-
gression assumes that there are two different
regression functions to the same data (SPSS
1999). The regression attempts a two-segment
fit of the data. The breakpoint is the intersec-
tion of the two fitted regression lines. The re-
gression iteratively tries all possible positions
of the breakpoint and chooses the one that
produces the lowest residual sum of squares
(Yeager and Ultsch 1989). The model to fit fol-
lows the algorithm described by Duggleby
and Ward (1991) for a two-segment linear re-
gression.

y =y + [(mg + my)(X — Xy;)
— (M, — mg) |X - le]/Zy

where y = FAD or LAD, x = species, X; =
breakpoint species, y; = breakpoint FAD or
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LAD, m,_ = slope left of breakpoint, and mg =
slope right of breakpoint. Fourth, regression
fits were performed on the FAD and LAD data
excluding those produced by the edge effect.
The best fit regression model was selected us-
ing the sum of squares and the minimum val-
ue of the following equation:

best model = SSQ(m)/n — 2m,

where SSQ is the residual sum of squares, m
is the number of parameters of the model and
n the number of data points (Hillborn and
Mangel 1997).

Parametric statistics (ANOVA and t-test,
equal versus unequal variance for t-test was
determined using F-test) were used to test hy-
potheses on the distribution of H, J, S (hnumber
of species), N (number of grains counted per
sample), Jaccard, and Morisita-Horn similari-
ty values. If H is calculated for a number of
samples, the indices themselves will be nor-
mally distributed (Taylor 1978). This property
makes it possible to use parametric statistics
(Magurran 1988). Nonparametric statistics
were used to test hypotheses about DCA
scores. Analyses were performed in MVSP 3.0
(Kovach 1998), EstimateS version 6 (Colwell
2000), BioDiversity Professional Beta version
(McAleece et al. 1997), Systat 9, and Statview
5.0.

Results

Seventy-seven samples containing 735 spe-
cies were used for this study (Appendix in Pa-
leobiology data repository contains range
charts for each section and the composite sec-
tion). Samples from seven different sections
and diverse depositional environments (Fig.
3) were extrapolated into Pifialerita, the cho-
sen reference section, using the equations of
correlation (Fig. 2; equations of correlation are
included in Appendix). There is an overall
trend of regression of the coast from the upper
Paleocene to the lower Eocene and then trans-
gression from the upper lower Eocene to the
lower middle Eocene (Fig. 3). A pollen recov-
ery gap of approximately 118.5 m is present
across the Paleocene/Eocene boundary (Fig.
3). In this gap, 45 samples were analyzed with
very poor recovery of pollen, spores, and dis-
persed organic matter. All samples from this

CARLOS A. JARAMILLO

800 -
™ N 2
. URo PIN §RE o
] RE GPININ 3
] UR To To g}{;} g T |M@
UR .
700? 9T piINo PIN g
] PINO
{PNo URg
, RE
] REG 2
600 RE8 Q
- RE Q
— p C4 o
S ] REO (40 m
D b —
N 5
N~ ] To %
= 500+ Vo 2
= Ve
5 ] REo pIN
3] ICPEO 7
& ] /
‘% 400
2 3 /
g ]
o ] gl
O Jri10
. PINO
3004 UR O
PINo
] Pllo o
] Pl vo 5
200 P PNe 8
- PINo 3
: <
] PINg o
] P11 P11 8 5
] URg PIN! 8:
1003 P11 PINo =
s oy
h p118UR
] PINo UR O
] UR8 uro
] P116P11
03 PINo gPll
. Plig
T T T T T
BL ML SLu SLI E
Environment
Ficure 3. Environments of accumulation of each sam-

ple analyzed. Samples from different sections were pro-
jected into the reference section using the equations of
correlation shown in Appendix. Labels to the left of each
circle indicate the section from which the sample was
taken. BL = fluvial plain, bed-load dominated channels;
ML = fluvial to coastal plain, mixed-load dominated
channels; SLu = upper coastal plain, suspension-load
dominated channels; SLI = lower coastal plain; E = es-
tuarine; PIN = Pifalerita; UR = Uribe; V = Weta-1; T =
Tibu-1; RE = Regadera; ICPE = ICPE-2; P11 = core P11;
C4 = core C4. Units of composite section are given in
stratigraphic meters of the reference section (Pifialerita).
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Ficure 4. Standing diversity of range-through pollen

and spores. Taxa with occurrences in only one sample
were excluded. Mean diversity per sample of Paleocene
strata is significantly lower than in Eocene strata (t-test:
p < 0.0001). Units of composite section are given in
stratigraphic meters of the reference section (Pifialerita).

interval in all of the sections have similar fa-
cies—light olive-gray to dark gray mudstones,
massive, and intensely mottled (root biotur-
bation)—suggesting incipient development of
paleosols.

The standing diversity results, incorporat-
ing range-through taxa (Tables 1, 2, Fig. 4), in-
dicate that mean diversity per Paleocene sam-
ple is 68.7 pollen/spore species whereas Eo-
cene diversity is 103.4 (Table 1). The number
of grains counted per sample directly affects
the diversity of a given sample. To take into
account this factor, rarefaction analyses were
conducted at three different cutoff counting
points or ‘“knots’ (Table 2, Fig. 5). All knots
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analyzed (101, 231, 291) indicate that mean di-
versity per sample is significantly higher in
the Eocene than in the Paleocene (Table 1).
Samples in which the count did not reach the
defined cutoff point were not included in the
calculation of the mean.

The type of lithology can control the abun-
dance of pollen and spores recovered in a
sample; i.e. oxidized lithologies usually pre-
serve fewer pollen grains/spores. Therefore,
the recovery of a sample can affect its diver-
sity. A t-test was performed to test the prob-
ability that differences in Paleocene versus Eo-
cene diversity were due to differences in sam-
ple recovery (Ho: pollen/spore abundance per
sample in Paleocene = pollen/spore abun-
dance per sample in Eocene; t-test: p < 0.91).
The test indicates that samples from both Pa-
leocene and Eocene strata did not yield sig-
nificantly different recoveries of pollen and
spores.

Depositional environments also can affect
sample diversity (Holland 1995). The Shannon
index (H) and rarefied number of species/
sample (S) were used to test for this factor. A
two-way ANOVA was performed to evaluate
the influence of the environments of deposi-
tion and age on Shannon index (lithology and
environments of deposition for each sample
are given in Table 2). Samples from the BL en-
vironment (fluvial plain, bed-dominated
channels) were not used in the analysis be-
cause of the low sample number (n = 1 in Pa-
leocene, 3 in Eocene). The results of the anal-
ysis indicate that age had a significant effect
on H (Shannon index) (p < 0.0011), but that
neither environment nor the interaction be-
tween age and environment had a significant
effect (p < 0.39 and p < 0.58, respectively). A
one-way ANOVA was performed to evaluate
the differences in H among depositional en-
vironments within each epoch. For Paleocene
strata, differences in H among depositional
environments are not significant (ML: 0.72,
SD = 0.23; SLu: 0.98, SD = 0.17; SLi: 0.87, SD
= 0.29; and E: 1.14, SD = 0.11; p < 0.18, en-
vironment labels are given in Figure 3). For
Eocene strata, differences are also not signifi-
cant (ML: 1.10, SD = 0.35; SLu: 1.18, SD =
0.38; SLi 1.25, SD = 0.23; and E 1.19, SD =
0.15; p < 0.55). Finally, the mean diversity per
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TABLE 1.

CARLOS A. JARAMILLO

Summary of results and significance tests. SD = Standard deviation; ML = fluvial to coastal plain, mixed-

load dominated channels; SLu = upper coastal plain, suspension-load dominated channels; SL1 = lower coastal

plain; P = Paleocene; E = Eocene.

Paleocene Eocene
Analysis Mean (SD) Mean (SD) p<
Standing diversity 68.7 (13.1) 103.4 (23.6) 0.0001, t-test
Rarefied diversity, 101 knot 18.5 (6.6) 26.1 9.7) 0.001, t-test
Rarefied diversity, 231 knot 24.7 (8.8) 39.6 (14.7) 0.0004, t-test
Rarefied diversity, 291 knot 26.7 (10.2) 41.3 (16.1) 0.0053, t-test
ML rarefied diversity, 101 knot 10.1 0.7) 24.1 (10.1) 0.0009, t-test
SLu rarefied diversity, 101 knot 18.7 (5.3) 28.3 (10.6) 0.03, t-test
SL1 rarefied diversity, 101 knot 18.3 (6.9) 29.6 (11.9) 0.01, t-test
Shannon index 0.92 (0.25) 1.14 (0.3) 0.001, t-test
Evenness 0.66 (0.14) 0.73 (0.15) 0.026, t-test
Rarefied diversity, 101 knot, Pifalerita area 18.9 (4.5) 28.7 (10.2) 0.004, t-test
Rarefied diversity, 101 knot, Catatumbo area 175 (6.8) 26.4 (8.8) 0.007, t-test
Rarefied diversity, 101 knot, Uribe area 20.8 9.1) 18.5 (6.8) 0.65, t-test
DCA first axis 1.24 (0.56) 3.03 (0.53) 0.001, Mann-Whitney
DCA first axis for SLu and SL1 environments 1.08 (0.56) 3.14 (0.52) 0.0001, Mann-Whitney
Jaccard’s coefficient 0.20 (0.08) 0.17  (0.09) 0.00005, t-test
Jaccard’s coefficient for SLu environment 0.21 (0.03) 0.20 (0.1) 0.59, t-test
Morisita-Horn similarity index [including P vs. 0.45 (0.19) 0.41 (0.17) 0.0001, one-way ANOVA
E: 0.25 (SD: 0.13)]
Morisita-Horn similarity index for SLu 0.48 (0.16) 0.38 (0.24) 0.084, t-test
Bombacacidites standing diversity 4.1 (1.0) 7.2 (1.9) 0.001, t-test
Polypodiisporites standing diversity 1.7 (1.3) 3.1 (0.7) 0.001, t-test
Tetracolporopollenites standing diversity 1.8 (0.2) 2.2 (0.9) 0.04, t-test
Proxapertites relative abundance (in %) 31.8 (24.2) 0.8 (1.2) 0.001, t-test
Fern spores standing diversity 11.9 (3.2) 17.4 (2.2) 0.0001, t-test
Fern spores relative abundance (in %) 24.4 (19.3) 419 (20.1) 0.0003, t-test
Fern spores relative diversity (in %) 17.2 (2.4) 18.1 (6.8) 0.81, t-test

epoch using the values of rarefaction at 101
knot (that is, the number of species of a sample
in which 101 grains were counted) was com-
pared for each depositional environment. Pa-
leocene environments ML (fluvial plain,
mixed-dominated channels), SLu (upper
coastal plain), and SLI (lower coastal plain)
are significantly less diverse than their Eocene
counterparts (Table 1).

Sample density can also affect the observed
diversity of a given interval (Holland 1995). A
higher sample density increases the probabil-
ity of finding new species, and therefore over-
all diversity also increases. To account for this
factor, empirical and estimated (Chao,) spe-
cies-accumulation curves were calculated by
bootstrapping (Fig. 6). The empirical species-
accumulation curve for all 35 Paleocene sam-
ples pooled together indicates 308 species,
and for Eocene strata, 422.6 species (SD =
14.5) at 35 pooled samples. The Chao, esti-
mator of species diversity is lower for the Pa-
leocene than for the Eocene at any given
pooled sample level (paired t-test: p < 0.004).

Shannon index (H) takes into account both
number of species per sample and abundance
distribution (Table 2, Fig. 7). Mean H for the
Paleocene is significantly lower than for the
Eocene (Table 1). The mean Evenness (J) for
the Paleocene is also significantly lower than
for the Eocene (Table 1, Fig. 7).

Sections also were compared geographical-
ly. They were grouped according to their
proximity (Fig. 1). The Pifialerita section and
C4 core were grouped in one area (Pifialerita);
the Uribe section and ICPE-2 core in a second
area (Uribe); and the Regadera section along
with \eta-1, TibUu-1, and P11 cores in a third
area (Catatumbo). Rarefied number of species
at 101 knot was used to calculate mean diver-
sity per epoch in each area. Mean diversity per
sample in Pifialerita and Catatumbo is signif-
icantly higher in Eocene than in Paleocene
strata (Table 1). The Uribe area does not show
any significant difference (Table 1). Bootstrap
analyses of these three areas were performed
using the Shannon index and an empirical
species-accumulation curve (Fig. 8). Both
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graphics show that in Catatumbo and Pifal-
erita, Shannon index and pooled sample di-
versity of the Eocene are higher than those of
the Paleocene, whereas in Uribe they do not
significantly change.

The overall floral composition was analyzed
by using detrended correspondence analysis
or DCA (Table 2, Fig. 9). The first axis explains
15.84% of variation. Mean first-axis score for
the Paleocene is significantly different than for
the Eocene (Table 1). To take into account the
unbalanced sampling across Paleocene versus
Eocene depositional environments, DCA
scores on the first axis were calculated only for
SLu and SLI environments. The difference in
mean DCA score of the first axis for Paleocene
versus Eocene strata is still significant (Table
1).

The Jaccard and Morisita-Horn similarity
indices between all pairs of samples also were
calculated. Both indices indicate a significant-
ly greater similarity among Paleocene samples
than among Eocene samples, and a significant
difference between Paleocene and Eocene
samples (Table 1). Because there is an unbal-
anced sampling distribution of depositional
environments in Paleocene versus Eocene
strata, although without missing cells (BL: 1
sample in Paleocene, 3 in Eocene; ML: 3 sam-
ples in Paleocene, 17 in Eocene; SLI: 17 sam-
ples in Paleocene, 8 samples in Eocene; SLu: 12
samples in Paleocene, 7 samples in Eocene; E:
2 samples in Paleocene, 7 samples in Eocene;
see Figure 3 for explanation of abbreviations),
the analysis was repeated using only samples
from the SLu environment. This environment
had the most equal sampling distribution. Jac-
card and Morisita-Horn indices for the SLu
environment are still higher in the Paleocene,
but differences are not significant (Table 1).

Species were separated into three catego-
ries: those with stratigraphic ranges restricted
to the Paleocene, those restricted to the Eo-
cene, and those with occurrences in both Pa-
leocene and Eocene strata (Fig. 10). Unique
species were excluded from this analysis. A
total of 63 species are present in both Paleo-
cene and Eocene strata, 56 species are only in
Paleocene strata, and 140 species are only in
Eocene strata. The mean standing diversity
per sample for Paleocene-restricted species is
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27.8 (SD = 7.3), for Eocene-restricted species
is 63.2 (SD = 25.1), and for taxa present in
both epochs is 40.4 (SD = 13.5).

Patterns of first-appearance datums and
last-appearance datums were examined (Ta-
ble 2, Fig. 11). A large degree of uncertainty
still exists in the stratigraphic position of the
Paleocene/Eocene boundary and early/mid-
dle Eocene boundary in the region (Jaramillo
and Dilcher 2000, 2001). Tentatively, the early/
late Paleocene boundary was located at 0 m
and dated 60.9 Ma (Berggren et al. 1995), the
Paleocene/Eocene boundary was located at
430 m and dated 54.93 Ma (Norris and Rohl
1999), and the early/middle Eocene boundary
was located at 670 m and dated 49 Ma (Berg-
gren et al. 1995). Using this information, I cal-
culated rates of rock accumulation and also
the age of each sample, assuming constant rate
of accumulation between the dating points.

The piecewise regression indicates that the
edge effect for FADs ends at species 79, and
the edge effect for LADs ends at species 83
(Fig. 11A). The sterile gap in pollen and spore
recovery near the Paleocene/Eocene bound-
ary presents a problem and first must be con-
sidered. This gap produces an edge effect that
increases the number of LADS before the gap
and increases number of FADS after the gap.
The slope of the linear regression on Paleocene
FAD data (93.374 Kyr/species) calculated by
the piecewise regression analysis to the right
of the breakpoint was used to estimate the
number of FADS that should have occurred
during the gap (a total of 20 FADS). Thus, the
first 20 FADS after the gap are attributed to
the edge effect. To estimate the number of
LADS due to the gap, a regression was fitted
on LADS only from Paleocene LADS (exclud-
ing edge-effect datums). The best fit was poly-
nomial (r? = 0.983;y = —3.093 + 77.398 * X +
1.14 = x?). Using this equation, an estimated 19
LADS should have occurred during the gap.
Therefore, the last 19 LADS before the begin-
ning of the gap are attributed to the edge ef-
fect.

Regression analyses were performed on
FADs and LADs, and data attributed to edge
effects (a section’s upper and lower limits, and
the internal gap) were discarded, as discussed
above. The best-fit model for both FAD and
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Ficure 5. Rarefied number of species at two different

knot points, 101 and 291 grains. In both cases the mean
number of species for the Eocene samples is significant-
ly higher than for the Paleocene (t-test: p < 0.001, and p
< 0.0053 respectively). Units of composite section are
given in stratigraphic meters of the reference section
(Pifalerita).

LAD data sets was polynomial (Fig. 11B; r? =
0.99 and r?2 = 0.99 respectively).

Five morphologically cohesive groups cor-
responding to higher taxa were analyzed sep-
arately, species occurring in only one sample
were excluded from analysis. Standing diver-
sity of Bombacacidites, Polypodiisporites, and Te-
tracolporopollenites is significantly higher in the
Eocene (Table 1). The relative abundance of
the most important taxon in Paleocene sam-
ples, Proxapertites, exhibits a significant de-
crease from the Paleocene to the Eocene (Table
1, Fig. 12). Fern spores are significantly more
abundant and diverse in Eocene samples than
in Paleocene samples (Table 1, Fig. 12). How-

1200+ 'l"ﬂﬂ-Chao2
-|:|- ocene
Lie lﬂ
1000+ lﬂ
8 Chao2
> 800 Paleocene
5}
%]
S
% 600+ empirical
'S Eocene
o
2400+
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Paleocene
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1 1 T 1
0 10 20 30 40 50
pooled samples
Ficure 6. Bootstrap of empirical and estimated (Chao,)

species = accumulation curves for the Eocene and Pa-
leocene group of samples. One standard deviation is
shown in the error bar. Standard deviations for the em-
pirical curve are too small to show on the scale of the
graphic. Pooled Paleocene samples accumulate species
more slowly than Eocene samples. Paleocene Chao, es-
timator of species diversity is significantly lower than
Eocene Chao, at any pooled sample level (paired t-test:
p < 0.004).

ever, the proportion of fern spores relative to
the total standing diversity per sample did not
change appreciably, from 17.2% in Paleocene
to 18.1% in Eocene strata (Table 1).

Discussion

Tropical pollen and spores provide a record
of many canopy trees, shrubs, and understory
herbs that is useful for reconstructing local
and regional tropical vegetational patterns
and community dynamics in Quaternary and
pre-Quaternary sediments (Burnham and
Graham 1999; Colinvaux et al. 1999). Pollen
and spores also provide a measure of mini-
mum taxic diversity because of their low tax-
onomic resolution; e.g., some modern families
such as Poaceae produce morphologically uni-
form pollen generally indistinguishable at the
genus or species level (Traverse 1988; Graham
1999). The vegetation change recorded by pol-
len and spores can be masked by several fac-
tors, mainly sampling size, sampling density,
lithologies, and depositional environments
(Farley 1989, 1990; Holland 1995). Therefore,
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an analysis of pollen and spore diversity must
take into account these factors before any in-
ference can be made from the diversity pat-
tern observed.

Rarefaction and bootstrap results indicate
that, regardless of the number of pollen grains
and spores counted per sample or the number
of samples studied in each epoch, there is a
statistically significant difference in diversity

between late Paleocene and early to middle
Eocene strata (Table 1, Figs. 5, 6). ANOVA re-
sults also indicate that variations in lithofacies
or depositional environments are not respon-
sible for the differences in diversity between
Paleocene and Eocene samples. Pollen and
spore recovery rates for Eocene strata are not
significantly different from Paleocene strata,
and palynofloras from Eocene depositional
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Bootstrap of Shannon index and an empirical species = accumulation curve for the Eocene and Paleocene

samples that were grouped by geographic area. Both graphics show that Eocene diversity is higher than Paleocene
diversity in Catatumbo and Pifialerita, whereas diversity does not significantly change in Uribe (see discussion).
Pin = Pifalerita + C4; Uribe = Uribe + ICPE-2; Catatumbo = P11 + Tib(-1 + \eta-1 cores.

environments are more diverse than their Pa-
leocene counterparts.

Alpha Diversity.—A primary element in
measuring diversity is the alpha diversity, or
number of species within samples (Hayek and
Buzas 1997). Every parameter used to mea-
sure the alpha diversity indicates that Eocene
samples are more diverse on average than Pa-
leocene samples. The mean number of species
per sample measured using standing diversi-
ty data shows that the late Paleocene is less di-
verse (68 species/sample) than the early—mid-
dle Eocene (103 species/sample; Fig. 4). Rar-
efaction data that take into account the ob-
served number of individuals per sample also
show that Eocene samples are significantly
more diverse than Paleocene samples (Fig. 5).
The Shannon and Evenness indices (Fig. 7) in-
dicate that Eocene strata not only have on av-
erage a significantly higher number of species

per sample, but also that the abundance dis-
tribution of Eocene taxa is more equitable.
The abundance distribution of Eocene pa-
lynofloras seem to be similar to pollen records
of modern tropical rain forest, where the as-
semblages are composed of many taxa that
appear in low numbers (Colinvaux et al. 1999).
I used a 1.9-m pollen record of the last 42 Kyr
from Lake Patas, lowland Amazon rain forest
(Colinvaux et al. 1996), to compare the diver-
sity of modern tropical rain forest with the Eo-
cene record. The mean diversity for the Pata
core was 37.1 pollen types/sample (SD = 14.3,
number of samples = 49; grains counted per
sample ~300). This diversity value is very
similar to the Eocene mean diversity of 41.3
(SD = 16.1; rarified grains counted = 291).
The comparison of diversity per sample be-
tween the Eocene and the Quaternary records
is realistic because the time represented in a
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Ficure 9. Changes in palynofloral composition as mea-
sured by the Detrended Correspondence Analysis
(DCA). The first axis explains 15.84% of variation. There
is a clear separation of Paleocene from Eocene palyno-
floras. Units of composite section are given in strati-
graphic meters of the reference section (Pifalerita).

sample from the Eocene record is within the
same order of magnitude as a sample from the
Patas record. A sample (~1 stratigraphic cm of
rock) in the Eocene would correspond to ~250
years (given the accumulation rate of ~1 m/
25 Kyr found for the Eocene in this study),
whereas a Quaternary sample would corre-
spond to ~234 years before compaction in
Lake Patas.

Beta Diversity.—Beta diversity, or diversity
among samples (Whittaker 1972), measures
how different sites or habitats are in terms of
the abundance and/or presence/absence of
species (Magurran 1998). The terminal slope
of the empirical species-accumulation curves
can give an idea of the degree of heterogeneity
of a region, a proxy for beta diversity. If the
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Ficure 10. Standing diversity of range-through spo-

romorphs divided into those restricted to Paleocene,
those restricted to Eocene, and those that occur in both
Paleocene and Eocene strata. Taxa with occurrences in
only one sample were excluded. Units of composite sec-
tion are given in stratigraphic meters of the reference
section (Pifalerita).

beta diversity is low, the bootstrapped spe-
cies-accumulation curve becomes flatter as the
pooled number of species increase. This flat-
tening is produced because, as the pooling of
samples progresses, fewer new species are
added to the total number of species. The em-
pirical species-accumulation curves show that
the Eocene curve flattens less than the Paleo-
cene curve (Fig. 6). This suggests that the Eo-
cene has a greater between-sample heteroge-
neity than the Paleocene. This is also con-
firmed by the Chao, curves (Fig. 6). Chao, at-
tempts to estimate the number of species of a
region mainly from the number of uniques.
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at species 83. B, Regression analysis on FAD and LAD. Data attributed to edge effects were excluded from analysis.
The best fit was polynomial. Note the increase in FAD rate and the slightly declining LAD rate during the Eocene.

Chao, curves for the Eocene indicate a higher and Coddington 1994). Analysis of sections
expected number of species, demonstrating grouped in smaller geographic areas, rather
that Eocene samples have a higher proportion than all sections pooled together, allows ex-
of uniques and suggesting a greater between- amining the spatial pattern of this increase in
sample heterogeneity. Both empirical and diversity. Rarefaction, empirical accumulation
Chao, curves do not significantly flatten, sug- curves, and bootstrapped Shannon index (H)
gesting severe undersampling (Fig. 6). This indicate that diversity significantly increased
undersampling is probably because the sam- from the Paleocene to the Eocene in the Pifi-
ples come from a large area (~2.5 X 10° km?), alerita and Catatumbo areas (Fig. 8). The di-
a range of depositional environments, and a versity in the Uribe area does not significantly
long time period. This array of factors increas- change (Fig. 8), probably owing to the effect
es the heterogeneity of the samples and there- of small sample size and depositional envi-
fore produces an increase in the number of ronments on diversity patterns. In the Uribe
rare species that ultimately controls the shape area 83% of Paleocene samples (five out of six)
of the species-accumulation curve (Colwell come from lower coastal plain (SLI) and es-
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Changes in relative abundance and standing diversity (excluding uniques) of several monophyletic

groups. The standing diversity of Bombacacidites (pollen from Bombacaceae, a tropical woody family) during the
Eocene is significantly higher than during the Paleocene. Relative abundance of Proxapertites (an extinct pollen type
from Palmae, dominant element of coastal plain Paleocene environments) significantly decreases during the Eocene.
The relative abundance and diversity of fern spores are significantly higher in Eocene samples than in Paleocene
samples. Units of composite section are given in stratigraphic meters of the ref erence section (Pifialerita).

tuarine environments. In contrast, 87.5% of
Eocene samples (six out of seven) are from flu-
vial (BL) and fluvial to coastal (ML) environ-
ments (Table 2). The mean H for all samples
from ML Eocene environments is 1.10, signif-
icantly higher than the H value for SLI Paleo-
cene environments of 0.98 (p < 0.05). Further-
more, Paleocene environments are always less
diverse than their Eocene counterparts, as in-

dicated by t-tests and ANOVA results. This
shows the importance of analyzing more than
one section when studying diversity patterns
through time.

A greater Eocene heterogeneity is also sup-
ported by the Jaccard and Morisita-Horn sim-
ilarity indices that shows higher similarity
within epochs than among them, and that Eo-
cene samples are more heterogeneous than
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Paleocene samples (Table 1). However, wheth-
er the effects of unequal sampling of the dif-
ferent depositional environments resulted in
higher Eocene heterogeneity is still not clear.
When the indices in the environment with the
most similar sampling density (SLu) were
compared, the Eocene samples were still less
similar to each other than the Paleocene sam-
ples, but the difference were not statistically
significant (p < 0.59 using Jaccard and p <
0.084 using Morisita-Horn, Table 1). A more
equal balance in sampling distribution among
depositional environments is still needed to
test if Eocene beta diversity was indeed higher
than Paleocene beta diversity, as the data sug-
gests.

Overall, Eocene strata have higher alpha
and beta diversities than Paleocene strata, and
are comparable to many modern Neotropical
rain forests (Gentry 1988). Not only do indi-
vidual pollen samples have a larger number of
species, but also the change in palynofloral
composition between samples is higher. This
raises the possibility that tropical Eocene flo-
ras were the first forests with diversities com-
parable to modern tropical rain forests.

Floral Change.—A floral change through the
late Paleocene to early—-middle Eocene interval
is evident from the detrended correspondence
analysis (Fig. 9). It is clear that Paleocene flo-
ras are more similar to each other than to Eo-
cene palynofloras as indicated by the mean
DCA score on the first axis (Table 1). Was this
change gradual or fast? Rates of first- and last-
appearance datums (FADs and LADs respec-
tively) indicate that there is a gradual increase
in the rate of FADs and a gradual decrease in
the rate of LADs from the late Paleocene to the
early-middle Eocene (Fig. 11B). This supports
views of high tropical diversity produced by
high rates of origination and low rates of ex-
tinction (Sepkoski 1998). It is important to
keep in mind, however, that more detailed in-
terpretations of these rates may be warranted
because the stratigraphic position of the chro-
nological boundaries (Paleocene/Eocene and
early/middle Eocene boundaries) are still
poorly constrained (Jaramillo and Dilcher
2000, 2001).

The rates of FADs and LADs suggests that
Eocene palynofloras are significantly more di-
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verse than Paleocene floras because of a faster
addition of new taxa coupled with a decrease
in the number of extinctions. This increase in
FAD and decrease in LAD rates seems to be a
phenomenon present throughout the early
and early middle Eocene rather than discrete
pulses of new occurrences. A higher rate of
FADs could be the product of higher origina-
tion and/or higher immigration rates. Rull
(1999) showed a gradual and significant pa-
lynofloral change from late Paleocene to early
Eocene strata in Venezuela and also suggested
that the early Eocene could be a time of high
origination rate. This phenomenon seems to
be a regional pattern for northern South
America and has been noted previously by
other authors (Gonzalez 1967; Romero 1993;
Van der Hammen and Hooghiemstra 2000).
Romero (1993), recognizing the high turnover
in taxa, considers the Eocene floras in tropical
South America to be significantly different
from his late Cretaceous—Paleocene Palmae
floristic province. He classifies the Eocene flo-
ras in a new floristic province called ““Neo-
tropical,” with more than 45 angiosperm fam-
ilies having first occurrences within Eocene.
Most of the species appearing in the Eocene
have been reported consistently only in north-
ern South America (Germeraad et al. 1968; Re-
gali et al. 1974; Colmenares and Teran 1993;
Rull 1999; Morley 2000), suggesting that a
large proportion of the increase in diversity
may be the product of in situ evolution rather
than immigration from other latitudes; ex-
amples are the monophyletic taxa Bombacaci-
dites (similar to that of extant Bombax and rel-
atives within Bombacaceae) and Tetracolporo-
pollenites (Sapotaceae), which are significantly
more diverse in Eocene times (Table 1, Fig. 12).
There is a small percentage of taxa, however,
that clearly are immigrants from northern lat-
itudes, such as the fern spore Cicatricosisporites
dorogensis and the angiosperm Corsinipollenites
(Onagraceae). An overall comparison of taxa
between northern South America and the U.S.
Gulf Coast indicates an increase in palyno-
floral shared taxa from 0.7% in the Paleocene
to 5.2% in the Eocene (Jaramillo and Dilcher
2001). Nonetheless, these shared taxa repre-
sent a small proportion (<6%) of the total in-
crease in diversity, even if we assume that the
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direction of migration of the shared taxa was
from north to south and therefore added to
the diversity in tropical latitudes.

Not only was a new wave of taxa present in
the Eocene, but the dominant taxa changed as
well. Paleocene coastal plain deposits are
strongly dominated by only a few taxa: Prox-
apertites (Palmae), Bombacacidites annae (Bom-
bacaceae), and Retidiporites magdalenensis (Pro-
teaceae). In contrast, Eocene coastal plains are
dominated by many more taxa: several types of
spores, Lanagiopollis crassa (Pellicieraceae), Per-
isyncolporites pokornyi (Malphigiaceae), Spini-
zonocolpites grandis (Palmae), Brevitricolpites
group, and others. Eocene assemblages are in-
deed more equitable, as indicated by the Even-
ness index (Fig. 7).

Climate Change.—Analyses of extant Neo-
tropical rain forests have shown that there is
a positive linear correlation between rainfall
and number of plant species (Gentry 1982,
1986, 1988). In addition, a significantly larger
abundance and diversity of ferns exists in
tropical forests that have higher annual rain-
fall (Moran 1998). These two characteristics,
an increase in overall plant diversity and an
increase in fern spore abundance and diver-
sity (Figs. 4, 12), were observed in the early to
middle Eocene in this study. They suggest
that the early Eocene warming in the Tropics
was associated with an increase in effective
rainfall. Increased rainfall in the South Amer-
ican Tropics has been predicted by climatic
models of early Eocene warming that use con-
centrations of CO, similar to or twice prein-
dustrial values (Sloan and Rea 1995; Huber
and Sloan 1999; Bice et al. 2000). In these mod-
els, the net precipitation beneath the intertrop-
ical convergence zone doubles and tropical
temperature is only slightly warmer than at
present (Bice et al. 2000). In contrast, the data
here do not support other models that use sig-
nificant volumes of greenhouse gases (~six
times CO,), and increase tropical land tem-
peratures by ~4°C without increasing total
rainfall, which would thus decrease soil mois-
ture and effective rainfall (Sloan and Rea
1995). Sedimentological or isotopic data to
confirm this hypothesis of increased rainfall
are still lacking for tropical terrestrial ecosys-
tems.
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The hypothesis proposed here of increased
rainfall during the ETM correlated to an in-
crease in diversity could be affected by the po-
sition of the early/middle Eocene boundary.
Its exact position is tentative because there is
still not a first-order calibration of the paly-
nological record with the geological timescale
for northern South America. According to the
present position of the boundary (Fig. 2), the
highest peak of diversity seems to be during
the early middle Eocene rather then during
the late early Eocene (Figs. 4, 11), even though
the increase in diversity begins in the late ear-
ly Eocene (Fig. 4). If the position of the bound-
ary is correct, perhaps the effects of the ETM
event lasted longer in tropical latitudes, as val-
ues of 880 returned to Paleocene levels dur-
ing the lower middle Eocene, ~47.5 Ma (Za-
chos et al. 2001).

An alternative explanation would be that
the increase in the rate of first appearances
(originations) coupled with a slight decrease
in the rate of last appearances (extinctions),
starting in the late early Eocene, did not end
with the termination of the ETM. In that case,
the internal dynamics of the diversification
process would become more dominant than
the causes that started the process in the first
place. Origination usually increases in the ini-
tial stages of a radiation process until most
available niches are filled, and then decreases
as crowding becomes significantly increased
(Sepkoski 1978; McKinney 1998). As more
species are generated during the radiation, the
niche space occupied by each species, as well
as its population density, contracts (Ricklefs
and Schluter 1993). Therefore, it would be ex-
pected that following this fast initial increase
in diversity, the rate of extinction should in-
crease as more species are added to the region
(Sepkoski 1978), or the rate of origination
should slow, approximating the extinction
rate (McKinney 1998). Unfortunately, rates of
LADs for the early middle Eocene could not
be distinguished from those produced by the
edge effect (Fig. 11A,B), and FAD rates for
strata younger than 46.5 Ma were beyond this
study.

A third hypothesis would state that the
ETM and the increase in diversity are not re-
lated. However, a mechanism to increase orig-
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ination rates would still be necessary. It would
be a regional phenomenon affecting a whole
range of clades, as this study has shown.

An overall pattern of increase in plant di-
versity during the early to middle Eocene was
observed in the Bighorn basin in Wyoming
(Wing 1998; Wilf 2000). Wing (1998) suggest-
ed that warming in the early Eocene increased
plant inter- and intracontinental migration,
producing the pattern observed. Thus, al-
though the pattern of increased diversity is
similar in both temperate and tropical areas,
the causes are different—migration and in-
creased temperature in mid- to high latitudes,
and in situ origination and increased rainfall
in tropical latitudes.

Considerations about the effects of the Pa-
leocene/Eocene thermal maximum (PETM)
on the palynofloral record are still uncertain
because this event has not been precisely iden-
tified in any of the sections. Furthermore, the
118.5-m stratigraphic interval where the
PETM is thought to occur is barren for pollen
and spores, despite extensive sampling in four
sections in different parts of the basin. Itis un-
certain if there is any connection between the
absence of pollen and spores and the PETM
climate change. However, the widespread sim-
ilarity of fine-grained, variegated, oxidized
lithofacies with poor pollen and spore recov-
ery in this interval across the entire study area
suggests a regional phenomenon that pro-
duced a greater fluctuation of the water table,
presumably an indication of greater season-
ality of precipitation (Bown and Kraus 1981).
This interpretation agrees with greenhouse
climate modeling for the PETM that predicts
that tropical South America was drier in Jan-
uary and wetter in July, increasing seasonality
(Huber and Sloan 1999). A similar phenome-
non has been observed in continental deposits
accumulated during the PETM in Wyoming
(Bown and Kraus 1981; Wing and Harrington
2001), where pollen and spores were not pre-
served in the interval containing the PETM
(Bown and Kraus 1981; Wing and Harrington
2001). A major problem with this interpreta-
tion is that given the calculated rates of accu-
mulation for the Paleocene, the PETM would
be restricted to ~15 m, much less than the re-
corded barren interval of 118.5 m. A possible
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solution is that leaching during the PETM was
intense enough to affect many meters of sub-
strate. If true, the PETM should be located in
the top ~16 m of the barren interval. Solving
this dilemma requires finding the precise lo-
cation of the PETM using carbon isotope stra-
tigraphy, coupled with a more refined calibra-
tion of the biostratigraphic framework than
that used for this study.

Conclusions

Analysis of pollen and spore diversity in
eight sections in central Colombia indicates
that the lower to middle Eocene strata contain
a significantly higher palynofloral diversity
than the associated upper Paleocene strata.
This pattern is maintained after sample size,
number of samples/time unit, lithofacies, and
depositional systems are accounted for. Eocene
palynofloras have a higher number of species
per given sampling unit, a higher equitability,
and a larger among-sample heterogeneity than
Paleocene palynofloras. This increase in diver-
sity is the product of a gradual increase in the
rate of first occurrences and a gradual decrease
in the rate of last occurrences.

The early to middle Eocene increase in di-
versity, and the increase in spore abundance
and diversity, suggests a wetter climate due to
increased effective annual rainfall. This inter-
pretation favors climate models that do not use
significant increases of greenhouse gases to
promote the early Eocene warming. The cor-
relation of the palynofloral pattern with cli-
matic conditions during the latest Paleocene
thermal maximum is still uncertain. Strata as-
sociated with the PETM were barren for paly-
nomorphs. Lithofacies suggests that the PETM
affected the preservation of pollen and spores
because of greater seasonality in rainfall.
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