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[1] The El Niño–Southern Oscillation (ENSO) exerts
significant control over the amount of Florida winter
precipitation. We use a local near-annual resolved
palaeobotanical proxy record from southern Florida to test
for historic ENSO variability over the past 125 years.
Palaeobotanical proxies from a Florida wetland, pollen
counts, and a new drought-stress proxy based on leaf
epidermal cell densities are used as indicators of moisture
availability during the winter growing season. Spectral
analysis and band-pass filtering of the proxy records reveal
significant variability within the 2–7 year bandwidth
characteristic of ENSO, as well as decadal signatures. A
maximum likelihood palaeoprecipitation reconstruction of
the pollen record based on modern vegetation distributions
shows values and variability comparable to instrumental
records. The approach shows the dominant control of
ENSO on Florida vegetation and provides a powerful
means to detect discrete ENSO variability in older intervals.
Citation: Donders, T. H., S. W. Punyasena, H. J. de Boer, and
F. Wagner-Cremer (2013), ENSO signature in botanical proxy time
series extends terrestrial El Niño record into the (sub)tropics,
Geophys. Res. Lett., 40, 5776–5781, doi:10.1002/2013GL058038.

1. Introduction

[2] Land-based palaeoclimate records are crucial for
understanding the impact of past climate change in the
terrestrial realm. A particular field of interest is the El
Niño–Southern Oscillation (ENSO), which has a global
impact on terrestrial systems [Ropelewski and Halpert,
1987; Van Oldenborgh and Burgers, 2005]. Detailed under-
standing of past ENSO dynamics is crucial for production of
better forecasting scenarios and to reconcile palaeoclimate
data with model output. The ENSO variability is most prom-
inent on interannual time scales [Allan, 2000; McPhaden,
2003], and thus, climatic proxy data should be ideally
analyzed with near-annual resolution to detect the 2–7 year
ENSO frequency band. The main impact of ENSO within

terrestrial systems concerns precipitation deficits and sur-
pluses across all continents [Ropelewski and Halpert,
1987]. Regions with the most prominent ENSO impact are
located within the Indo-Pacific Warm Pool [Dai and
Wigley, 2000], while most major teleconnections are con-
fined to low-latitude (sub)tropical areas, such as the southern
U.S. [Vega et al., 1998; Larkin and Harrison, 2005].
[3] Annually resolved ENSO proxies include width and

density measurements from tree rings, layer thickness from
laminated sediments, and accumulation/isotopic indicators
from ice, speleothem, and coral records [Gergis et al.,
2006]. High-resolution records, however, are difficult to
obtain and often have restricted geographic availability
[Markgraf and Diaz, 2000]. Constraints may include a lack
of tree species with annual growth rings in low-latitude to
midlatitude areas and the restriction of coral records to
tropical warm-water regions [Gergis et al., 2006]. To help
resolve the scarcity of Holocene annually resolved records
[Donders et al., 2008], we test the sensitivity of high-resolu-
tion pollen and leaf macrofossil records to ENSO-forced
precipitation changes. Because pollen-based reconstructions
can be converted in quantitative estimates using surface sam-
ple calibration data and, subsequently, compared to model
experiment output [see, e.g., Donders et al., 2011], a quanti-
tative measure of the degree of ENSO-forced climate change
can be potentially obtained.

1.1. High-Resolution Botanical Analysis of Florida
Peat Records

[4] We investigate the imprint of ENSO variability in bo-
tanical proxies and the stability of the Florida ENSO
teleconnection using a 125 year, high-resolution palaeoclimate
record from wetland peat deposits in Florida (Figure 1a).
Peat deposits are widespread source of fossil plant remains,
and their composition is sensitive to hydrological changes
[Barber and Charman, 2003]. Plant growth during spring
in southern Florida wetlands is strongly influenced by the
amount of winter precipitation as the amount of dry season
(winter) precipitation determines the hydroperiod length
[Donders et al., 2005a, 2005b], which, in turn, is strongly
teleconnected to the ENSO cycle [Vega et al., 1998;
Larkin and Harrison, 2005].
[5] Precipitation deficits imprint detectable signatures in

developing leaves [Wagner-Cremer et al., 2010]. We employ
a new proxy for moisture availability during the growing
season, i.e., leaf epidermal cell density (ED), in combination
with an annually resolved pollen record to reconstruct
ENSO-induced water availability. Small dating uncertainties
impede direct correlation between the proxy data and ENSO
indices [Donders et al., 2004]. However, spectral analysis of
independently dated proxy time series provides a means for
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detecting the distinct signature of ENSO [Rodbell et al.,
1999; Moy et al., 2002].
[6] Analysis of herbarium material collected over the past

~100 years has shown that ED on Quercus laurifolia leaves
increases linearly with decreasing winter precipitation in
southern Florida, which is indicative of drought stress sensi-
tivity. Subsequent analysis of subfossil Q. laurifolia leaf
remains on near-annual resolution provided independent
confirmation of this relation, and is independent of CO2

[Wagner-Cremer et al., 2010]. High-resolution pollen analy-
sis from the same site has shown a clear response to both
decadal and near-annual variations in water availability
[Donders et al., 2005a].
[7] Furthermore, pollen-trap experiments in widespread

regions have revealed dependence of annual pollen deposi-
tion on climate variables which, depending on the area, is
primarily controlled by temperature and precipitation
variability [Green et al., 1988; Hicks, 2001; Willard et al.,
2003; Haselhorst et al., 2013]. Here we use this concept to
quantify the past 125 years of Florida winter (dry season)
precipitation and calibrate observed changes based on a prob-
abilistic model of modern plant taxon distributions

[Punyasena et al., 2008; Punyasena, 2008; Whitney et al.,
2011]. Additionally, the variability in the botanical record
is compared to regional precipitation patterns associated with
the ENSO, the Pacific Decadal Oscillation (PDO), and the
Atlantic Multidecadal Oscillation (AMO).

2. Proxy Data and Reconstruction Methods

[8] We performed leaf cuticle and pollen analysis on a peat
section from the Fakahatchee Strand Preserve State Park
(FSPSP), southwest Florida (Figure 1a; see also Text S1 in
the supporting information). A series of 10 accelerator mass
spectrometry 14C data were obtained from the 84 cm profile.
An accurate chronology was acquired for the last 125 years
by performing a combined wiggle-match and 14C bomb-
pulse calibration, with an estimated maximum error of
~5 years [Donders et al., 2004]. The high accumulation rate,
i.e., ~0.5 cm yr�1, and stable depositional setting provided
excellent conditions for performing a palaeoclimatic proxy
study on annual resolution. Pollen were analyzed at 0.5 cm
intervals (~1 sample yr�1) (Figure S1). Results are displayed
as the first principal component from the assemblages, which
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Figure 1. (a–d) Influence of global climate oscillations on winter precipitation in the Florida region. Correlation (r)
between CMAP precipitation data [Xie and Arkin, 1996] and indices for NINO3.4 in Figure 1b, the PDO in Figure 1c,
and the AMO in Figure 1d. Figure 1a shows the position and regional setting of coring location in the Fakahatchee
Strand wetland in Florida (U.S.).
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represents a ratio between dry and wet taxa at this locality
(Figures 2b and S2) and responds to changes in dry season
(winter) precipitation [Donders et al., 2005a].
[9] For the quantitative dry (winter) season precipitation

reconstruction, modern plant distribution data available
through the Global Biodiversity Database (www.gbif.org)
were matched with a high-resolution (1 km grid) world
climate database for land areas [Hijmans et al., 2005]. Point
values of cold quarter precipitation at recorded occurrences
were extracted for each taxon. The analysis was performed
for 25 key taxa at the same taxonomic resolution to which
the pollen taxa were identified (Table S1 and Text S1).
Resulting distribution data were individually modeled as
kernel probability densities following Punyasena [2008]
andWhitney et al. [2011], reflecting the likelihood of finding
a given taxon at a specific precipitation value. Likelihood
precipitation values of the fossil pollen data then are the
summed log likelihoods of the individual taxon distributions
in the sample. This approach combines information from
both low (family) and high (species) resolution taxonomic
units that contribute to the estimate while largely avoiding
nonanalogue problems of other compositional-based
approaches [Punyasena, 2008].
[10] Regional precipitation patterns were analyzed using

merged analyses of global precipitation data [CPC Merged
Analysis of Precipitation (CMAP)] [Xie and Arkin, 1996]

using the NOAA Earth System Research Laboratory tool at
http://www.esrl.noaa.gov/psd. As the local botanical record
is most sensitive to winter precipitation [Donders et al.,
2005a], we correlated climate indices for the ENSO, the
PDO, and the AMO with CMAP winter [January-February-
March (JFM)] precipitation averaged from 1979 to 2010.
The correlation (r) values were plotted for the larger Florida
region to illustrate the regional influence of these climate
modes (Figures 1b–1d).

3. High-Resolution ENSO Record

[11] Winter precipitation in the larger Florida region is
positively correlated with the multiannual variability of
NINO3.4 (Figure 1b) and the decadal variability of the
PDO (Figure 1c). La Niña periods produce drought condi-
tions in southern Florida, while El Niño conditions lead to
higher winter precipitation. No direct correlation was found
between Florida winter precipitation and the AMO
(Figure 1d), although the AMO does modulate the influence
of the ENSO on Florida winter precipitation [Enfield
et al., 2001].
[12] ED analysis on 82 core samples shows 13 ED peaks

above the 1σ range between 1879 and 2001 (Figure 2a).
Because ED resolution is limited by the availability of leaf
material, this would be equivalent to ~19 peaks at annual
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Figure 2. Botanical proxy data from the FSPSP peat core compared to NINO3.4 and precipitation forcing. (a) Epidermal
cell density (ED) counts from subfossil Quercus laurifolia leaf remains, expressed as n cells mm�2 (15). (b) First principal
component analysis (PCA) axis derived from pollen assemblage data (77.5% of total variance explained; see supporting
information). Standard deviation range envelop was calculated on detrended data by fitting a fifth-order polynomial.
Positive anomalies of both curves (note reversed axes in Figures 2a and 2b) indicate drier conditions during growing season
[Donders et al., 2005a; Wagner-Cremer et al., 2010]. (c) The 5 month running average of the NINO3.4 index [Kaplan
et al., 1998]. Band-pass filtered NINO3.4 and pollen data at (d, e) 3 years and (g, h) 5.5 years. (h) ENSO events defined
by both the NINO3.4 index and the SOI exceeding the lower (SOI: upper) tercile (±1) or, during a strong event, exceeding
the twentient percentile (±2) for more than four consecutive months [Smith and Sardeshmukh, 2000]. Independent Y axis
for Figures 2a and 2b is based on an age-depth model with 3–5 years accuracy [Donders et al., 2004]. (i) Local JFM
precipitation record of nearby Fort Myers, Florida. (j) Reconstructed normalized maximum likelihood JFM precipitation
values from pollen data.
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resolution for the entire profile (Table S2). Between 1879
and 2001, 16 La Niña years have actually occurred, defined
by both the NINO3.4 index (Figure 2c) and the Southern
Oscillation Index (SOI) exceeding the lower and upper
tercile values, respectively, for more than four consecutive
months (Figure 2h) [Smith and Sardeshmukh, 2000]. In
general, both the leaf cuticle and pollen proxies
overestimate La Niña occurrence, while El Niño phases
remain slightly underrepresented (Table S2). Most likely,
La Niña–induced dry periods have a greater impact on the
wetland vegetation of Florida.

3.1. Periodicity in Proxy Signal

[13] The ENSO forcing present in the proxy time series
was further assessed by RED FIT spectral analysis and
bootstrapped significance testing [Schulz and Mudelsee,
2002], which is well suited for unevenly spaced data series
(Table 1 and Figure S3). NINO3.4 time series power spectra
and local winter precipitation show the prominent ENSO
variability between 2 and 7 years, with a triplet of sharp
peaks between 2 and 4.5 years and a wide peak around
~5.5 years (Table 1 and Figure S3). Spectral analysis of
the proxy data reveals highly similar variability within the
ENSO band. In particular, the pollen data contain the prom-
inent high-frequency 2 to 3 ENSO pattern, although the
periods do not exactly match the NINO3.4 spectrum. The
ED series has a lower sample resolution, and it therefore
does not contain the 2–3 year signal, but the remaining
periods match the ENSO signature very well and are signif-
icant at the 99% confidence limit (Table 1). Band-pass filter-
ing of the most significant spectral peaks in the NINO3.4
and pollen data shows a continuous signal of ~5.5 years
throughout the entire record (Figures 2f and 2g).
Amplitude variations are highly comparable and suggest
that the pollen record captures the dynamics of the ENSO
forcing. The ~3 year cycle is not continuously present with
the NINO3.4 signal, and this feature is reflected well in
the filtered pollen data (Figures 2d and 2e).
[14] Unlike the ED data, the periods from the pollen

spectra slightly deviate from the NINO3.4 signal. The lagged
response of pollen productivity to climate variations [Willard
et al., 2003] might cause these offsets. Alternatively, offsets
can be explained by the dating uncertainties, but the effect
is likely limited as the main ED and NINO3.4 periods match
very closely and cross correlation revealed no phase lag.
[15] Periodicity >7 years seems stronger in the proxy data

than in the NINO3.4 and has periods that deviate significantly
(Table 1). Consequently, the associated variability is most
likely not directly related to ENSO forcing. Decadal-scale var-
iability is present in the local precipitation series (Figure S3).
Other regionally significant climatic modes, such as the PDO
(Figure 1c), show longer-scale variability (Table 1).
Possibly, interference of PDO- and ENSO-scale variability
produce the observed signals in the precipitation and proxy
time series, but this is not yet conclusive. Alternatively, spe-
cies-dependent growth dynamics might cause these patterns.

3.2. Maximum Likelihood Precipitation Reconstruction

[16] The absolute JFM precipitation reconstruction
(Figure 2j) shows comparable values as in the instrumental
data (Figure 2i) and captures the main transitions surprisingly
well. The upper range of the precipitation variability is some-
what overrepresented, and extreme values are not represented;T
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hence, some degree of smoothing is inherent in the method.
Overall, the dynamics of the reconstructed JFM rainfall agrees
well with the instrumental record. Best reconstruction results
were obtained by using normalized abundance data of domi-
nant local taxa, excluding aquatics and dominant Taxodium
(see Text S1). The lower precipitation variability observed in
the early twentieth century is captured well in all proxies and
quantitative reconstruction.
[17] Our results demonstrate the ability of terrestrial botan-

ical proxies to respond to high-frequency climate variability.
The proxy data record the ENSO signature in remarkable
detail, as shown by the spectral analysis, even though a
sediment sample is not a discrete layer containing a single-
year sample. The ENSO system seems to exert strong control
on the Florida wetland vegetation, even though mainly the
winter precipitation is affected [Vega et al., 1998; Larkin
and Harrison, 2005]. Because winter precipitation in
Florida is reduced relative to the abundant summer rain,
ENSO modulation of the amount of winter precipitation is
likely to be an important ecological factor for plant growth.
The amount of winter precipitation extends or reduces the
annual hydroperiod (inundation length), which is a highly
important parameter for plant growth in the local wetlands
[Donders et al., 2005a]. The ED is apparently highly sensi-
tive to water deficiencies and surpluses, but data resolution
is limited by availability of subfossil leaf material. The pollen
responses are not high in amplitude but still capture the
typical frequencies of ENSO forcing and can be analyzed at
annual resolution. The likelihood reconstructions capture
the instrumental winter precipitation variations well, but
careful selection of taxa is critical. Based on our analysis,
the ENSO teleconnection is apparently a stable feature of
the Florida climate during the past 125 years, even though
some decadal signal is present, possibly modulating the
ENSO teleconnection strength [Cane, 2005].

4. Conclusions and Implications

[18] Based on our near-annual analysis of epidermal cell
densities and pollen assemblages in a subfossil peat core, we
conclude that ENSO-forced precipitation changes leave a
detectable imprint with frequency and amplitude changes
characteristic of ENSO. We show for the first time that
annual-scale precipitation variability can be reconstructed
based on pollen and that the resulting record shows continuous
imprint of ENSO forcing on winter precipitation during the
past 125 years in Florida, pointing to a stable teleconnection.
High-resolution botanical records with sufficient time control
allow direct testing of the reduced mid-Holocene ENSO
hypothesis [Clement et al., 2000; Donders et al., 2005b] in
geographically widespread areas. Furthermore, this method
can help to resolve the role of decadal fluctuations in Pacific
pressure (PDO) [Deser and Wallace, 1990], which has a
similar impact as the ENSO and apparently modulates the
ENSO teleconnection strength [Cane, 2005], by extending
the instrumental hydrological record in the (sub)tropics.
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