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Estimating Piacenzian Sea Surface Temperature Using an 
Alkenone-Calibrated Transfer Function

By Harry J. Dowsett, Marci M. Robinson, and Kevin M. Foley

Abstract
Stationarity of environmental preferences is a primary 

assumption required for any paleoenvironmental reconstruc-
tion using fossil materials based upon calibration to modern 
organisms. Confidence in this assumption decreases the further 
back in time one goes, and the validity of the assumption that 
species temperature tolerances have not changed over time 
has been challenged in Pliocene studies. We use paired ​​U​ 37​ ​K ′ ​ ​​ 
(unsaturated ketones with 37 carbon atoms) sea surface tem-
perature (SST) and faunal assemblage data to directly calibrate 
North Atlantic Piacenzian planktonic foraminifer assemblages 
to Piacenzian alkenone paleotemperature estimates to provide 
an alternative paleoceanographic reconstruction approach that 
does not rely on stationarity. In doing so, we extend Pliocene 
SST estimates to sites where only quantitative faunal assem-
blage data were previously available and improve the spatial 
resolution of the North Atlantic SST reconstruction.

Background and Introduction
Foraminiferal census data have been routinely used to 

quantitatively estimate paleoceanographic temperature since 
the 1970s with the introduction of a method for deriving fac-
tor analytic transfer functions (Imbrie and Kipp, 1971). The 
Imbrie-Kipp method relates modern species abundance data to 
physical oceanographic parameters to derive equations that are 
then used on fossil assemblages to make quantitative estimates 
of paleoenvironments. This technique was used extensively 
in (1) the reconstruction of the Last Glacial Maximum by 
members of CLIMAP (Climate: Long range Investigation, 
Mapping, and Prediction) (Cline and Hays, 1976) and 
(2) the later reconstruction of the Last Interglacial (CLIMAP 
Project Members, 1984). The Imbrie-Kipp method and other 
methods like the Modern Analog Technique, in which fossil 
assemblages are assigned the sea surface temperature (SST) 
of the most analogous assemblage within a modern dataset 
(Hutson, 1980), and methods using artificial neural networks 
to discover patterns within data (for example, Malmgren 
and Nordlund, 1997; Malmgren and others, 2001) all rely 
on the basic assumption that modern foraminiferal faunas 

can be used as analogs to interpret Quaternary assemblages. 
Extensions of these methods to deeper time settings like the 
Piacenzian Age (3.60 to 2.58 million years ago [Ma]) of the 
Pliocene Epoch require additional assumptions to address 
extinction and evolution of species since that time (Keigwin, 
1976; Thunell, 1979; Dowsett and Poore, 1990; Sabaa and 
others, 2004) and require the ability to correlate time series 
data among many sites across all ocean basins (Dowsett and 
Robinson, 2006). These two challenges—assumptions regard-
ing species tolerances and uncertain chronologic correlation—
insert uncertainty into pre-Quaternary paleoenvironmental 
reconstructions.

Paramount to all paleoenvironmental reconstructions, 
whether paleontological or geochemical in nature, is the con-
cept of stationarity, the assumption that the relations among 
variables have not changed over time. Faunal assemblage-
based reconstructions depend on the assumption of stationarity 
of environmental tolerances or preferences of the extant spe-
cies that are in the fossil assemblage. In addition, now extinct 
species must be assigned the tolerances of extant taxa on the 
basis of ancestor-descendent relationships and (or) similar 
spatial distributions. For example, the U.S. Geological Survey 
(USGS) reconstructions of the North Atlantic paleoclimate 
through the Pliocene Research, Interpretation and Synoptic 
Mapping (PRISM) studies are based in part on transfer func-
tions that incorporated modern species absent from Pliocene 
assemblages as well as Pliocene species now extinct (Dowsett 
and Poore, 1990).

The lack of evidence in support of the constancy of 
environmental tolerance of species remains a stumbling block 
for paleoenvironmental reconstruction. A second obstacle is 
the inability to establish high-confidence deep-time chronol-
ogy and correlation among multiple deep-sea sites where the 
sediment accumulation rate is relatively low and bioturbation 
is common. Although a plethora of Piacenzian planktonic fora-
miniferal census data exist, the temporal density of samples 
within and between cores is highly variable, thus hindering the 
accurate correlation and calibration of coeval samples from 
different localities on the basis of current age models (Dowsett 
and others, 2019).

In this report, these concerns are addressed by presenting 
an alternative approach to paleotemperature estimation that 
uses foraminiferal census data calibrated directly to Piacenzian 
temperatures derived from alkenone paleothermometry, 
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thereby eliminating the need for stationarity in environ-
mental preferences beyond the time interval covered by the 
study. We averaged both faunal abundance data and alke-
none data, within a defined stratigraphic interval (dated at 
3.264–3.025 Ma), to accommodate the uneven temporal 
distribution of samples within and between core sites. This 
averaging effectively passed the data through a low-pass 
filter, thereby eliminating the possibility of estimating high-
frequency variability. We accepted this limitation in order 
to establish general warming and cooling trends in Pliocene 
time series.

Materials and Methods

Chronology

In our study, we focused on a period of warm and stable 
climate (relative to high-amplitude Pleistocene glacial-
interglacial cycles) positioned within the Piacenzian Stage 
known as the PRISM3 interval or mid-Piacenzian Warm 
Period (mPWP) (fig. 1). It extends from the Marine Isotope 
Stage (MIS) M2/M1 boundary (3.264 Ma) to the G21/G20 
boundary (3.025 Ma) in the middle part of the Gauss normal 
polarity Chron (Dowsett and others, 2010, 2016). As defined, 
the interval lasted about 240,000 years (~240 kyr) and ranged 
from C2An2r (Mammoth reversed polarity) to near the bottom 
of C2An1 (just above Kaena reversed polarity). This interval 
correlates in part with planktonic foraminiferal zones PL3 
(Sphaeroidinellopsis seminulina Highest Occurrence Zone), 
PL4 (Dentoglobigerina altispira Highest Occurrence Zone), 
and PL5 (Globorotalia miocenica Highest Occurrence Zone). 
Within the bounding positive δ18O excursions that mark gla-
cial stages M2 and G20, and excepting glacial stage KM2 at 
~3.1 Ma, benthic foraminiferal oxygen isotope values in this 
interval are equal to or isotopically lighter than those mea-
sured today.

Faunal Census Data

Planktonic foraminiferal abundance data were selected 
from the PRISM3 interval of 31 sites in the North Atlantic 
Ocean (Dowsett and others, 2015; Robinson and others, 
2019); the sites were drilled by the Deep Sea Drilling Project 
(DSDP), Ocean Drilling Program (ODP), and International 
Ocean Discovery Program (IODP). The temporal distribution 
of samples within this interval at each site is highly vari-
able, and establishing synchronous samples from the differ-
ent localities, based upon existing age models, is unrealistic. 
Therefore, samples collected from within the stratigraphic 
interval dated at 3.264–3.025 Ma at each site were averaged 

to obtain mean abundances. Species with mean abundances 
≤1 percent were deleted. The resulting dataset contains percent 
mean abundance data for 23 counting categories at each of 
the 31 North Atlantic sites (table 1). Taxonomic concepts are 
those of Parker (1962, 1967), Blow (1969), and Dowsett and 
Robinson (2007). A species list is provided in appendix 1.

Sea Surface Temperature Data

The ​​U​ 37​ ​K ′ ​ ​​ (unsaturated ketones with 37 carbon atoms) 
unsaturation index was used to obtain SST estimates from the 
PRISM3 interval of 17 sites in the North Atlantic (table 1). 
Temperature estimates using this technique generally have 
an analytical error of ±0.1 °C (Herbert and others, 1995; 
Lawrence and others, 2007). All temperature estimates were 
calibrated by using the method of Müller and others (1998) 
and have a calibration uncertainty of ±1.38 °C (Lawrence 
and others, 2007). Alkenone data used have been previously 
published (Robinson and others, 2008; Lawrence and others, 
2009; Herbert and others, 2010; Lawrence and others, 2010; 
Naafs and others, 2010; Khélifi and others, 2012; Badger 
and others, 2013; Dowsett and others, 2017, 2019). As with 
the faunal data, a single SST estimate was obtained for the 
PRISM3 stratigraphic interval, which represents the mean of 
individual ​​U​ 37​ ​K ′ ​ ​​ estimates for samples dated between 3.264 and 
3.025 Ma at each site (table 1).

Quantitative Analysis

Q-mode factor analysis (Klovan and Imbrie, 1971) was 
used to reduce the dimensionality of the Pliocene faunal data. 
The process is summarized by the following equation:

	 Up = BpFp + E� (1)

where Up represents the normalized Pliocene foraminiferal 
census; Bp represents the varimax factor loadings matrix 
providing the contribution of each factor to the assemblage; 
Fp represents the factor description (scores) matrix, which 
describes the composition of the factors; and E represents an 
error matrix.

Sample communality (h2) is provided to assess how 
well the factor model explains the data in each sample. 
Communality is expressed as the sum of the squares of the 
factor loadings (f), for factors 1 through n:

	​​�  (2)

A sample communality of 1 indicates a perfect fit of 
model and data, with E = 0.

h fn n
2

1
2
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Figure 1.  Graph showing the PRISM3 interval (also known as the mid-Piacenzian Warm Period [mPWP]) in relation to paleomagnetic 
reversal stratigraphy, planktonic foraminiferal zones, and the long-term climate evolution of the Pliocene Epoch. The LR04 benthic 
oxygen isotope stack and time scale are from Lisiecki and Raymo (2005); δ18O values are in parts per thousand (‰). The vertical 
dashed line shows the δ18O value for the present-day ocean. The PRISM3 stratigraphic interval (dated at 3.264–3.025 million years 
ago [Ma]) is shown relative to Marine Isotope Stages M2, M1, KM5, KM3, KM2, KM1, K1, G21, and G20 from Lisiecki and Raymo (2005). 
The subchrons in the polarity column of the paleomagnetic data are from Ogg and others (2016): T, Thvera; S, Sidufjall; N, Nunivak; C, 
Cochiti; M, Mammoth; K, Kaena. Black segments indicate normal polarity, and white segments indicate reversed polarity. The planktonic 
foraminiferal zones PL1 to PL6 for the Pliocene are from Berggren (1973).
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Table 1.  Site locations, alkenone-based sea surface temperature estimates, number of samples, and faunal abundance data used in 
this study.

[Faunal data are from Piacenzian planktonic foraminiferal assemblages from 31 sites in the North Atlantic Ocean. Site prefixes designate three successive drilling 
programs: DSDP, Deep Sea Drilling Project; ODP, Ocean Drilling Program; IODP, International Ocean Discovery Program. Latitude values are positive for sites 
north of the Equator and negative for sites south of the Equator. Longitude values are negative for sites west of the Prime Meridian. Numbers for the species are 
mean abundances in percent, as explained in the text. For N. atlantica, we separated dextral (d) and sinistral (s) varieties into distinct counting categories. 
Other terms: °C, degrees Celsius; σ, standard deviation; SST, sea surface temperature]
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Site

DSDP 111 50.43 −46.37 — — 2 0.00 0.78 0.49 0.64 0.00 3.33 0.51 0.15 0.47 4.39 0.00 0.32 35.36 2.34 0.59 0.49 20.62 0.00 9.30 19.94 0.30 0.00 0.00 DSDP 111

DSDP 396 22.48 −43.52 — — 4 0.00 0.65 0.08 3.33 1.96 2.65 39.04 31.53 14.67 0.25 0.00 0.43 0.09 0.09 1.98 0.00 0.00 1.50 0.00 0.00 1.67 0.08 0.00 DSDP 396

DSDP 410 45.51 −29.48 — — 3 0.00 20.38 10.76 7.62 0.37 7.90 0.00 0.00 0.00 3.93 2.52 0.12 17.71 5.98 10.88 0.00 0.00 0.00 8.95 1.51 0.64 0.00 0.74 DSDP 410

DSDP 502 11.49 −79.38 — — 23 4.88 7.48 0.67 10.55 1.12 8.19 5.91 12.32 11.27 0.85 2.41 11.04 0.22 0.25 5.58 0.00 0.00 12.20 0.06 0.03 2.79 2.20 0.00 DSDP 502

DSDP 546 33.78 −9.56 — — 5 0.20 15.27 2.53 8.84 1.28 12.69 3.23 8.87 2.30 13.52 0.07 1.08 18.80 0.64 4.26 0.00 0.00 0.36 1.00 0.00 2.43 2.61 0.00 DSDP 546

DSDP 548 48.92 −12.16 — — 23 0.00 5.04 2.86 3.05 0.67 7.38 0.00 0.00 0.00 4.64 1.21 0.00 23.34 1.55 24.68 3.86 9.34 0.00 7.87 0.21 1.56 0.00 2.74 DSDP 548

DSDP 552 56.04 −23.23 17.43 (1.52) 12 13 0.00 6.54 1.07 1.02 0.23 8.35 0.00 0.00 0.00 2.23 0.21 0.02 19.87 0.70 10.14 14.49 26.99 0.00 3.66 2.17 0.10 0.00 2.23 DSDP 552

DSDP 603 35.50 −70.03 22.41 (0.65) 11 9 2.99 3.76 10.75 5.68 0.77 13.53 9.60 14.95 10.52 12.19 0.00 3.00 1.90 0.65 1.94 0.29 0.60 1.27 0.30 0.20 3.23 1.66 0.23 DSDP 603

DSDP 606 37.34 −35.50 21.64 (1.02) 24 23 0.97 10.80 15.79 12.42 2.44 10.52 4.43 5.54 2.80 12.18 1.18 0.19 11.23 1.65 3.79 0.19 0.02 0.00 1.95 0.09 1.19 0.48 0.16 DSDP 606

DSDP 607 41.00 −32.96 21.04 (0.62) 12 12 0.47 25.06 2.16 10.86 3.62 14.96 1.62 5.10 1.58 11.70 3.68 0.16 14.19 2.31 0.00 0.00 0.00 0.00 0.79 0.16 1.23 0.12 0.20 DSDP 607

DSDP 608 42.84 −23.09 — — 11 0.07 13.26 16.56 15.61 0.00 8.05 1.37 2.50 0.38 4.70 3.27 0.00 16.47 0.70 6.87 1.50 1.83 0.10 0.24 2.66 2.27 0.88 0.72 DSDP 608

DSDP 609 49.88 −24.24 17.98 (1.25) 23 23 0.06 5.60 1.13 1.75 0.17 9.29 0.03 0.17 0.06 7.47 0.40 0.00 28.28 1.33 27.95 1.24 10.28 1.95 0.42 0.72 0.79 0.01 0.90 DSDP 609

DSDP 610 53.22 −18.89 — — 23 0.00 5.09 1.00 1.16 0.47 8.31 0.00 0.04 0.01 7.34 0.54 0.00 23.38 0.58 14.85 20.15 14.64 0.28 0.37 0.23 0.46 0.01 1.08 DSDP 610

ODP 625 28.83 −87.16 21.17 (0.35) 13 13 7.21 3.85 3.69 3.88 0.24 17.66 11.90 13.59 9.96 2.82 0.00 5.28 8.56 0.43 2.09 0.06 0.05 0.19 4.52 1.35 0.93 1.71 0.03 ODP 625

ODP 646 58.21 −48.37 — — 5 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 1.47 96.85 0.00 0.07 1.27 0.00 0.00 0.07 ODP 646

ODP 659 18.08 −21.03 — — 16 3.12 8.83 0.16 2.26 0.00 6.86 4.56 6.53 2.67 1.66 0.37 4.46 27.47 0.47 11.14 0.00 0.00 19.04 0.02 0.00 0.17 0.18 0.00 ODP 659

ODP 661 9.45 −19.39 — — 22 8.00 5.70 0.01 3.01 0.77 2.45 7.04 6.92 21.39 3.10 0.03 9.97 3.09 0.78 2.06 0.00 0.00 17.66 0.02 0.00 1.97 5.64 0.37 ODP 661

ODP 662 −1.39 −11.74 27.25 (0.15) 23 19 15.35 4.07 1.38 3.45 0.31 13.20 5.07 6.83 4.45 1.38 0.00 13.05 7.06 0.38 8.21 0.00 0.00 11.74 3.99 0.00 0.08 0.00 0.00 ODP 662

ODP 667 4.57 −21.91 — — 11 15.70 3.67 0.84 1.47 1.14 3.60 12.71 6.04 16.08 0.84 0.26 13.83 1.85 0.14 1.77 0.00 0.00 14.41 0.00 0.00 1.01 4.66 0.00 ODP 667

ODP 672 15.54 −58.64 — — 5 12.92 1.25 0.00 3.35 0.35 6.13 12.13 13.37 13.85 3.16 0.46 7.79 0.00 0.42 3.04 0.00 0.00 16.04 0.38 0.00 2.68 2.69 0.00 ODP 672

ODP 925 4.20 −43.49 28.57 (0.54) 28 22 14.57 1.20 0.68 4.39 1.14 11.41 14.58 18.76 14.62 0.46 0.00 11.99 0.04 0.39 0.69 0.00 0.00 0.02 2.65 0.30 1.23 0.89 0.00 ODP 925

ODP 951 32.03 −24.87 24.24 (0.97) 21 21 2.07 9.41 3.64 3.19 0.58 4.47 4.95 7.28 4.06 6.33 12.51 3.37 20.50 0.72 9.26 1.13 0.00 2.33 0.80 0.00 3.04 0.03 0.34 ODP 951

ODP 958 24.00 −20.00 24.62 (0.88) 25 24 1.47 6.48 1.61 1.31 0.84 1.70 4.17 6.13 6.21 2.19 20.21 6.28 22.43 0.78 9.72 2.20 0.00 1.99 0.43 0.00 3.62 0.01 0.22 ODP 958

ODP 981 55.48 −14.65 — — 31 0.00 1.55 2.12 0.13 0.00 8.45 0.00 0.01 0.00 0.89 0.00 0.00 20.40 0.27 1.16 1.03 44.13 0.01 7.18 8.13 0.23 0.00 4.33 ODP 981

ODP 982 57.52 −15.87 17.64 (1.33) 36 48 0.00 10.09 1.15 0.25 0.49 13.16 0.00 0.00 0.00 0.66 0.00 0.01 22.45 0.34 0.04 0.70 29.14 1.22 6.56 8.36 0.31 0.00 5.07 ODP 982

ODP 999 12.74 −78.74 28.00 (0.11) 2 18 4.69 8.89 1.84 8.74 0.20 10.45 8.11 12.32 20.98 0.55 0.00 12.49 0.75 2.25 1.90 0.00 0.00 0.03 4.16 0.00 1.63 0.03 0.00 ODP 999

ODP 1006 24.40 −79.46 28.29 (0.39) 6 24 2.62 1.04 1.22 0.68 2.68 0.65 8.05 16.81 38.90 2.64 0.18 9.54 0.30 0.24 1.52 0.61 0.00 3.33 0.00 0.00 9.01 0.00 0.00 ODP 1006

ODP 1062 33.69 −57.62 23.57 (0.61) 28 23 2.95 2.14 3.46 5.70 0.98 2.73 8.70 17.60 30.99 4.69 0.86 5.10 1.65 0.72 1.80 0.28 0.00 4.17 0.07 0.00 5.37 0.00 0.04 ODP 1062

ODP 1063 33.69 −57.62 22.67 (0.54) 15 23 2.06 7.05 13.49 7.35 0.55 10.83 7.62 10.02 7.46 10.64 1.61 2.75 8.95 0.87 3.93 0.33 0.00 1.59 0.08 0.00 2.72 0.00 0.08 ODP 1063

IODP 1308 49.88 −24.24 18.13 (0.95) 57 27 0.26 4.98 2.56 1.20 0.76 9.33 0.02 0.09 0.02 6.15 0.00 0.01 36.11 0.84 0.15 1.33 2.90 0.30 29.51 2.28 0.27 0.00 0.93 IODP 1308

IODP 1313 41.00 −32.96 21.06 (0.79) 28 18 1.78 8.15 7.76 3.92 1.08 20.31 1.59 2.23 0.90 7.58 1.12 0.06 23.13 2.35 0.06 0.00 0.20 0.00 16.72 0.47 0.18 0.04 0.35 IODP 1313
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Table 1.  Site locations, alkenone-based sea surface temperature estimates, number of samples, and faunal abundance data used in 
this study.

[Faunal data are from Piacenzian planktonic foraminiferal assemblages from 31 sites in the North Atlantic Ocean. Site prefixes designate three successive drilling 
programs: DSDP, Deep Sea Drilling Project; ODP, Ocean Drilling Program; IODP, International Ocean Discovery Program. Latitude values are positive for sites 
north of the Equator and negative for sites south of the Equator. Longitude values are negative for sites west of the Prime Meridian. Numbers for the species are 
mean abundances in percent, as explained in the text. For N. atlantica, we separated dextral (d) and sinistral (s) varieties into distinct counting categories. 
Other terms: °C, degrees Celsius; σ, standard deviation; SST, sea surface temperature]

Site
Latitude 

(°)
Longitude 

(°)
Alkenone 

SST (°C) (σ)
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Site

DSDP 111 50.43 −46.37 — — 2 0.00 0.78 0.49 0.64 0.00 3.33 0.51 0.15 0.47 4.39 0.00 0.32 35.36 2.34 0.59 0.49 20.62 0.00 9.30 19.94 0.30 0.00 0.00 DSDP 111

DSDP 396 22.48 −43.52 — — 4 0.00 0.65 0.08 3.33 1.96 2.65 39.04 31.53 14.67 0.25 0.00 0.43 0.09 0.09 1.98 0.00 0.00 1.50 0.00 0.00 1.67 0.08 0.00 DSDP 396

DSDP 410 45.51 −29.48 — — 3 0.00 20.38 10.76 7.62 0.37 7.90 0.00 0.00 0.00 3.93 2.52 0.12 17.71 5.98 10.88 0.00 0.00 0.00 8.95 1.51 0.64 0.00 0.74 DSDP 410

DSDP 502 11.49 −79.38 — — 23 4.88 7.48 0.67 10.55 1.12 8.19 5.91 12.32 11.27 0.85 2.41 11.04 0.22 0.25 5.58 0.00 0.00 12.20 0.06 0.03 2.79 2.20 0.00 DSDP 502

DSDP 546 33.78 −9.56 — — 5 0.20 15.27 2.53 8.84 1.28 12.69 3.23 8.87 2.30 13.52 0.07 1.08 18.80 0.64 4.26 0.00 0.00 0.36 1.00 0.00 2.43 2.61 0.00 DSDP 546

DSDP 548 48.92 −12.16 — — 23 0.00 5.04 2.86 3.05 0.67 7.38 0.00 0.00 0.00 4.64 1.21 0.00 23.34 1.55 24.68 3.86 9.34 0.00 7.87 0.21 1.56 0.00 2.74 DSDP 548

DSDP 552 56.04 −23.23 17.43 (1.52) 12 13 0.00 6.54 1.07 1.02 0.23 8.35 0.00 0.00 0.00 2.23 0.21 0.02 19.87 0.70 10.14 14.49 26.99 0.00 3.66 2.17 0.10 0.00 2.23 DSDP 552

DSDP 603 35.50 −70.03 22.41 (0.65) 11 9 2.99 3.76 10.75 5.68 0.77 13.53 9.60 14.95 10.52 12.19 0.00 3.00 1.90 0.65 1.94 0.29 0.60 1.27 0.30 0.20 3.23 1.66 0.23 DSDP 603

DSDP 606 37.34 −35.50 21.64 (1.02) 24 23 0.97 10.80 15.79 12.42 2.44 10.52 4.43 5.54 2.80 12.18 1.18 0.19 11.23 1.65 3.79 0.19 0.02 0.00 1.95 0.09 1.19 0.48 0.16 DSDP 606

DSDP 607 41.00 −32.96 21.04 (0.62) 12 12 0.47 25.06 2.16 10.86 3.62 14.96 1.62 5.10 1.58 11.70 3.68 0.16 14.19 2.31 0.00 0.00 0.00 0.00 0.79 0.16 1.23 0.12 0.20 DSDP 607

DSDP 608 42.84 −23.09 — — 11 0.07 13.26 16.56 15.61 0.00 8.05 1.37 2.50 0.38 4.70 3.27 0.00 16.47 0.70 6.87 1.50 1.83 0.10 0.24 2.66 2.27 0.88 0.72 DSDP 608

DSDP 609 49.88 −24.24 17.98 (1.25) 23 23 0.06 5.60 1.13 1.75 0.17 9.29 0.03 0.17 0.06 7.47 0.40 0.00 28.28 1.33 27.95 1.24 10.28 1.95 0.42 0.72 0.79 0.01 0.90 DSDP 609

DSDP 610 53.22 −18.89 — — 23 0.00 5.09 1.00 1.16 0.47 8.31 0.00 0.04 0.01 7.34 0.54 0.00 23.38 0.58 14.85 20.15 14.64 0.28 0.37 0.23 0.46 0.01 1.08 DSDP 610

ODP 625 28.83 −87.16 21.17 (0.35) 13 13 7.21 3.85 3.69 3.88 0.24 17.66 11.90 13.59 9.96 2.82 0.00 5.28 8.56 0.43 2.09 0.06 0.05 0.19 4.52 1.35 0.93 1.71 0.03 ODP 625

ODP 646 58.21 −48.37 — — 5 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 1.47 96.85 0.00 0.07 1.27 0.00 0.00 0.07 ODP 646

ODP 659 18.08 −21.03 — — 16 3.12 8.83 0.16 2.26 0.00 6.86 4.56 6.53 2.67 1.66 0.37 4.46 27.47 0.47 11.14 0.00 0.00 19.04 0.02 0.00 0.17 0.18 0.00 ODP 659

ODP 661 9.45 −19.39 — — 22 8.00 5.70 0.01 3.01 0.77 2.45 7.04 6.92 21.39 3.10 0.03 9.97 3.09 0.78 2.06 0.00 0.00 17.66 0.02 0.00 1.97 5.64 0.37 ODP 661

ODP 662 −1.39 −11.74 27.25 (0.15) 23 19 15.35 4.07 1.38 3.45 0.31 13.20 5.07 6.83 4.45 1.38 0.00 13.05 7.06 0.38 8.21 0.00 0.00 11.74 3.99 0.00 0.08 0.00 0.00 ODP 662

ODP 667 4.57 −21.91 — — 11 15.70 3.67 0.84 1.47 1.14 3.60 12.71 6.04 16.08 0.84 0.26 13.83 1.85 0.14 1.77 0.00 0.00 14.41 0.00 0.00 1.01 4.66 0.00 ODP 667

ODP 672 15.54 −58.64 — — 5 12.92 1.25 0.00 3.35 0.35 6.13 12.13 13.37 13.85 3.16 0.46 7.79 0.00 0.42 3.04 0.00 0.00 16.04 0.38 0.00 2.68 2.69 0.00 ODP 672

ODP 925 4.20 −43.49 28.57 (0.54) 28 22 14.57 1.20 0.68 4.39 1.14 11.41 14.58 18.76 14.62 0.46 0.00 11.99 0.04 0.39 0.69 0.00 0.00 0.02 2.65 0.30 1.23 0.89 0.00 ODP 925

ODP 951 32.03 −24.87 24.24 (0.97) 21 21 2.07 9.41 3.64 3.19 0.58 4.47 4.95 7.28 4.06 6.33 12.51 3.37 20.50 0.72 9.26 1.13 0.00 2.33 0.80 0.00 3.04 0.03 0.34 ODP 951

ODP 958 24.00 −20.00 24.62 (0.88) 25 24 1.47 6.48 1.61 1.31 0.84 1.70 4.17 6.13 6.21 2.19 20.21 6.28 22.43 0.78 9.72 2.20 0.00 1.99 0.43 0.00 3.62 0.01 0.22 ODP 958

ODP 981 55.48 −14.65 — — 31 0.00 1.55 2.12 0.13 0.00 8.45 0.00 0.01 0.00 0.89 0.00 0.00 20.40 0.27 1.16 1.03 44.13 0.01 7.18 8.13 0.23 0.00 4.33 ODP 981

ODP 982 57.52 −15.87 17.64 (1.33) 36 48 0.00 10.09 1.15 0.25 0.49 13.16 0.00 0.00 0.00 0.66 0.00 0.01 22.45 0.34 0.04 0.70 29.14 1.22 6.56 8.36 0.31 0.00 5.07 ODP 982

ODP 999 12.74 −78.74 28.00 (0.11) 2 18 4.69 8.89 1.84 8.74 0.20 10.45 8.11 12.32 20.98 0.55 0.00 12.49 0.75 2.25 1.90 0.00 0.00 0.03 4.16 0.00 1.63 0.03 0.00 ODP 999

ODP 1006 24.40 −79.46 28.29 (0.39) 6 24 2.62 1.04 1.22 0.68 2.68 0.65 8.05 16.81 38.90 2.64 0.18 9.54 0.30 0.24 1.52 0.61 0.00 3.33 0.00 0.00 9.01 0.00 0.00 ODP 1006

ODP 1062 33.69 −57.62 23.57 (0.61) 28 23 2.95 2.14 3.46 5.70 0.98 2.73 8.70 17.60 30.99 4.69 0.86 5.10 1.65 0.72 1.80 0.28 0.00 4.17 0.07 0.00 5.37 0.00 0.04 ODP 1062

ODP 1063 33.69 −57.62 22.67 (0.54) 15 23 2.06 7.05 13.49 7.35 0.55 10.83 7.62 10.02 7.46 10.64 1.61 2.75 8.95 0.87 3.93 0.33 0.00 1.59 0.08 0.00 2.72 0.00 0.08 ODP 1063

IODP 1308 49.88 −24.24 18.13 (0.95) 57 27 0.26 4.98 2.56 1.20 0.76 9.33 0.02 0.09 0.02 6.15 0.00 0.01 36.11 0.84 0.15 1.33 2.90 0.30 29.51 2.28 0.27 0.00 0.93 IODP 1308

IODP 1313 41.00 −32.96 21.06 (0.79) 28 18 1.78 8.15 7.76 3.92 1.08 20.31 1.59 2.23 0.90 7.58 1.12 0.06 23.13 2.35 0.06 0.00 0.20 0.00 16.72 0.47 0.18 0.04 0.35 IODP 1313

Table 1.  Site locations, alkenone-based sea surface temperature estimates, number of samples, and faunal abundance data used in 
this study.—Continued

[Faunal data are from Piacenzian planktonic foraminiferal assemblages from 31 sites in the North Atlantic Ocean. Site prefixes designate three successive drilling 
programs: DSDP, Deep Sea Drilling Project; ODP, Ocean Drilling Program; IODP, International Ocean Discovery Program. Latitude values are positive for sites 
north of the Equator and negative for sites south of the Equator. Longitude values are negative for sites west of the Prime Meridian. Numbers for the species are 
mean abundances in percent, as explained in the text. For N. atlantica, we separated dextral (d) and sinistral (s) varieties into distinct counting categories. 
Other terms: °C, degrees Celsius; σ, standard deviation; SST, sea surface temperature]
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Table 2.  Factor loadings explaining the relative contribution of the five factors to the faunal assemblage at each site.

[Sites are identified in table 1. NA, not applicable]

Site Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Communality

  Data for individual sites and factors

111 0.2943 −0.0294 0.7074 0.3768 0.2235 0.7798
396 0.1317 0.7455 0.0060 −0.0289 −0.2301 0.6269
410 0.7789 0.0426 0.1590 0.4585 0.1440 0.8647
502 0.2405 0.8563 −0.0335 0.2032 0.1185 0.8476
546 0.8088 0.2891 0.1676 0.3614 0.0748 0.9020
548 0.4077 0.0173 0.4353 0.7115 0.0894 0.8702
552 0.2475 0.0278 0.8359 0.4163 0.0082 0.9340
603 0.6050 0.7254 0.0679 −0.0341 −0.1400 0.9176
606 0.8903 0.2956 0.1002 0.1885 −0.0609 0.9293
607 0.8305 0.2078 0.1117 0.2229 0.0788 0.8013
608 0.8179 0.1346 0.1709 0.3658 −0.0469 0.8522
609 0.3741 0.0321 0.4094 0.7506 0.0672 0.8765
610 0.3289 0.0184 0.5761 0.6159 −0.0133 0.8199
625 0.5313 0.7399 0.1621 0.0653 0.1825 0.8936
646 −0.1522 0.0412 0.9146 −0.0922 −0.1666 0.8975
659 0.3244 0.3343 0.1666 0.7071 0.3698 0.8814
661 −0.0036 0.8787 −0.0152 0.2513 0.1769 0.8668
662 0.2462 0.6733 0.0837 0.2920 0.5284 0.8854
667 −0.0427 0.8941 −0.0149 0.1685 0.3013 0.9207
672 0.0258 0.9366 −0.0202 0.1322 0.2130 0.9410
925 0.1949 0.9111 0.0388 −0.0683 0.1130 0.8871
951 0.5426 0.3225 0.1370 0.7080 0.0147 0.9186
958 0.3320 0.2896 0.1138 0.7684 −0.0118 0.7976
981 0.1297 0.0241 0.9718 0.1262 0.0562 0.9808
982 0.3429 0.0422 0.8689 0.2058 0.1872 0.9518
999 0.3327 0.8680 0.0352 0.0176 −0.0041 0.8656
1006 −0.0161 0.8688 −0.0044 0.1007 −0.2415 0.8235
1062 0.1391 0.8964 0.0008 0.1013 −0.2476 0.8945
1063 0.7533 0.5648 0.0886 0.1930 −0.0994 0.9414
1308 0.5279 −0.0362 0.3667 0.3554 0.4514 0.7446
1313 0.7780 0.1178 0.2819 0.2222 0.4032 0.9106

  Percent variance explained by Factors 1 through 5

NA 49.37 21.71 8.74 5.11 3.24 NA
  Cumulative percent variance explained by Factors 1 through 5

NA 49.37 71.08 79.82 84.93 88.17 NA
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We developed a simple transfer function by regress-
ing Pliocene environmental data on the factor loadings (Bp) 
according to the following equation:

	 SSTest = BpK + k0� (3)

where SSTest represents the environmental estimate (in this 
case SST), K is a vector of regression coefficients, and k0 is the 
intercept of the equation. We used Q-mode cluster analysis 
and the Unweighted Pair Group Method with Arithmetic Mean 
(UPGMA) to define groups (based upon loadings in each 
sample). Euclidean distance between samples was calculated 
using the following equation:

	�  (4)

where the distance (D) between two samples x and y is the 
square root of the summation, for factors 1 to n, of the square 
of the distance between samples x and y.

Results

Assemblage Analysis

Factor analysis reduced the 23 counting categories in 
the Piacenzian time-averaged faunal census to five factors. 
Tables 2 and 3 summarize this analysis and indicate that 
while the five factors explain 88 percent of the variance, the 
first three factors cumulatively account for ~80 percent of the 
variance in the original faunal data. Sample communalities 
indicate that the five-factor model explains between 80 and 
99 percent of the faunal assemblage data in a sample.

Samples with high loadings on Factor 1 (fig. 2) are domi-
nated by temperate taxa: Globigerina bulloides, Globigerina 
falconensis, Globigerina woodi, Globigerinita glutinata, 
Globorotalia crassaformis, and Globorotalia puncticulata 
(fig. 3). High loadings on Factor 2 indicate greater abundances 
of species with warm water affinities: Dentoglobigerina 
altispira, Globigerinoides obliquus, Globigerinoides 
ruber, Globigerinoides sacculifer, Globorotalia menar-
dii, and Neogloboquadrina humerosa (figs. 2, 3). Factor 3 
has high loadings on samples with greater abundances of 

D x yx y
n

n n,
� �� ��1

2

Table 3.  Factor scores for the five-factor model indicating influence of taxa from 31 sites on factors.

[Taxa are listed alphabetically by genus and species. (d), dextral; (s), sinistral]

Taxon Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

Dentoglobigerina altispira −0.404 1.292 −0.036 −0.146 1.955
Globigerina bulloides 2.002 0.152 −0.162 0.430 −0.001
Globigerina falconensis 1.916 0.058 −0.123 −0.471 −0.895
Globigerina woodi 1.578 0.482 −0.246 −0.265 −0.476
Globigerinella aequilateralis 0.181 0.117 −0.012 −0.014 −0.097
Globigerinita glutinata 2.076 0.802 0.672 −0.906 1.414
Globigerinoides obliquus 0.231 1.798 0.045 −0.254 −0.339
Globigerinoides ruber 0.646 2.162 −0.035 −0.248 −0.945
Globigerinoides sacculifer −0.499 2.873 0.047 0.357 −1.210
Globorotalia crassaformis 1.585 0.176 −0.036 0.053 −0.695
Globorotalia hirsuta 0.035 0.018 −0.440 1.398 −0.813
Globorotalia menardii −0.507 1.467 −0.127 0.310 1.167
Globorotalia puncticulata 1.553 −0.455 1.296 2.940 1.176
Globorotalia scitula 0.287 0.006 0.000 0.048 0.042
Neogloboquadrina acostaensis −0.165 0.131 −0.071 2.875 −0.727
Neogloboquadrina atlantica (d) −0.218 −0.037 0.536 0.788 −0.661
Neogloboquadrina atlantica (s) −0.731 0.199 4.368 −0.452 −0.795
Neogloboquadrina humerosa −1.054 1.245 −0.312 1.090 1.919
Neogloboquadrina incompta 0.780 −0.126 0.629 −0.545 1.970
Neogloboquadrina pachyderma 0.070 −0.030 0.771 −0.220 0.361
Orbulina universa 0.102 0.403 −0.061 0.322 −0.644
Sphaeroidinellopsis seminulina −0.056 0.282 −0.030 0.009 0.278
Turborotalita quinqueloba 0.009 −0.011 0.287 0.033 0.001



8    Estimating Piacenzian Sea Surface Temperature Using an Alkenone-Calibrated Transfer Function

Neogloboquadrina atlantica (s), Neogloboquadrina pachy-
derma, Neogloboquadrina incompta, Globigerinita gluti-
nata, and Globorotalia puncticulata (fig. 3). These taxa are 
generally found at higher latitudes and represent cool to cold 
conditions. The first three factors are therefore interpreted to 
represent transitional, warm, and cool end-member assem-
blages, respectively (figs. 2, 3).

Factors 4 and 5 do not have consistent spatial repre-
sentations and instead may indicate seasonal changes in the 
water column that influence the production and distribution of 
Foraminifera. For example, Factor 4 has highest loadings on 
samples with greater abundances of the thermocline dwell-
ers Globorotalia puncticulata, Neogloboquadrina humerosa, 
and Neogloboquadrina acostaensis and the subthermocline 
dwellers Globorotalia crassaformis and Globorotalia hirsuta 
(fig. 3). Factor 5 has highest loadings on samples containing 
greater abundances of Neogloboquadrina incompta, 
Neogloboquadrina humerosa, Globorotalia puncticulata, 
Globorotalia menardii, Globigerinita glutinata, and 

Dentoglobigerina altispira. The difficulty in parsing the mean-
ing of Factors 4 and 5 may also stem from the fact that mean 
abundances are being used (see “Discussion” section below).

To aid interpretation, factor loadings were clustered by 
using an unweighted pair group algorithm (UPGMA), and 
the cluster groups were mapped geographically (fig. 4). Three 
main groups of samples are defined that are, as expected, simi-
lar to Factors 1–3 (fig. 4). Samples in the low latitudes have 
assemblages coinciding with the warm factor. A subgroup can 
be distinguished along its southern margin tracing the southern 
limb of the North Atlantic Gyre and represents the warmest 
conditions (fig. 4). The other sites within this group are located 
along the general path of the Gulf Stream or in more subtropi-
cal regions of the North Atlantic Gyre.

Sites belonging to the cool group defined by cluster anal-
ysis are the same as those showing high loadings on Factor 
3 (figs. 3, 4). A third group of sites is defined by the cluster 
analysis and occupies the eastern and northeastern region 
of the North Atlantic. This group extends beyond the region 
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assemblages from 31 sites and geographic distribution of cluster groups. A, Dendrogram of 
Q-mode cluster analysis of 31 sites representing the PRISM3 interval of the North Atlantic 
Ocean, using unweighted pair-group average linking of Euclidean distances calculated on factor 
loadings; transitional (teal), cool (purple), and warm (orange). The blue subcluster within the 
transitional cluster has dashed borders and represents a subgroup of sites in the eastern Atlantic 
influenced by the African margin. The lighter orange group within the warm cluster has dashed 
lines and represents a subgroup of sites that indicate more tropical conditions and that have 
distinct assemblage differences from the remainder of the warm cluster. B, Cluster groups in map 
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where the transitional factor is most expressed and includes 
sites with a cool influence in the north and a warm influence 
in the south. Within this group, cluster analysis distinguishes 
a subgroup of sites heavily influenced by the Canary Current 
and sedimentation along the African margin (fig. 4).

Paleotemperature Equation

Multiple regression was used to write an equation relat-
ing the five factors (f1 – f5) to mean annual SST derived using 
the ​​U​ 37​ ​K ′ ​ ​​ index. The coefficient of determination (R2) for the 
equation is 0.87, and the root mean square (RMS) error is 
±1.38 °C.
	

SST = −0.15( f1) + 11.3 ( f2) − 2.62( f3) 
	    + 4.04( f4) + 4.74( f5) + 17.24

�
This equation is constrained between ~17 and 29 °C. 

Comparison of ​​U​ 37​ ​K ′ ​ ​​ SST estimates and faunal SST estimates 
derived using the equation above, for 17 localities where we 
have both, show residuals less than 2 °C and do not exhibit 
any obvious latitudinal trends. Eleven of the 17 sites show 
alkenone estimates higher than faunal estimates.

This equation was applied to factor loadings from the 
14 sites without alkenone records to estimate SST for those 
samples (table 1). Figure 5 shows the spatial distribution of 
SST estimates based upon alkenones and the transformed 
faunal data.

Discussion

Use of New Transfer Function

The assumption of stationarity, that Piacenzian and modern 
individuals of the same species have similar environmental 
preferences, has plagued pre-Quaternary paleotemperature 
reconstructions based on fossil assemblage data calibrated to 
modern coretop assemblage data. Kucera and Schönfeld (2007) 
cautioned that the nature of the modern foraminiferal fauna is 
a product of the most recent extinctions and diversification. 
Therefore, environmental proxies based on assemblages should 
not be interpreted quantitatively in sediments older than the late 
Pliocene. One solution to this problem is to disregard the mod-
ern faunal preferences and directly calibrate Piacenzian taxa to 

Piacenzian temperatures. The extensive Piacenzian faunal cen-
sus datasets and paired Piacenzian ​​U​ 37​ ​K ′ ​ ​​ ​​SST values allow for the 
development of a factor analytic transfer function ideally suited 
to provide SST estimates at sites lacking alkenone analyses. The 
combination of SST estimates derived from alkenone analyses 
and the new transfer function provides a reconstruction of 
mean PRISM3 interval (3.264–3.025 Ma) SST in the North 
Atlantic with improved spatial resolution (fig. 5).

North Atlantic Sea Surface Temperature

Dowsett and others (2019) showed the North Atlantic 
latitudinal surface temperature gradient, calculated using ​​U​ 37​ ​K ′ ​ ​​ 
SST estimates confined to MIS KM5c, to be essentially the 
same as that originally reconstructed using multiple tempera-
ture proxies and a temporally more broad, less constrained 
time slab (Dowsett and others, 1992). The spatial pattern of 
alkenone SST estimates and those from the new transfer func-
tion also show good agreement (fig. 5). These estimates, based 
upon an independent calibration, confirm the pattern of spatial 
SST variability documented in previous Pliocene reconstruc-
tions of the North Atlantic (Dowsett, 2007; Dowsett and oth-
ers, 1992, 2010, 2012). This expanded set of comparison data 
will be useful for future data-model comparison.

The SST estimates from ODP Sites 981 and 982, 
located close to each other (fig. 5), differ by ~2 °C (15.7 °C 
and 17.6 °C, respectively). The Site 982 record is based on 
alkenones (Lawrence and others, 2009; Dowsett and others, 
2017), whereas the estimates from Site 981 are derived from 
faunal assemblages and the transfer function presented here. 
To better understand why these estimates are different, we first 
applied the transfer function to the Site 982 faunal assemblage. 
That analysis provides an SST estimate only 0.5 °C cooler 
than the alkenone estimate. This estimate and the high com-
munalities for both Sites 981 and 982 (table 1) suggest that 
transfer function performance is robust. The Site 982 samples 
were collected from the entire PRISM3 stratigraphic interval, 
whereas the Site 981 data are restricted to an interval of cool-
ing correlated to the δ18O enrichment associated with the 
MIS M1—MIS KM6 transition. The primary difference 
between the mean assemblages at the two sites is a higher 
abundance of N. atlantica (s) at Site 981. This increases the 
strength of the cool assemblage, and, in turn, results in a 
colder transfer function estimate (table 1). For comparison, 
applying the transfer function to the same cool interval at 
Site 982 results in an estimated SST of 16.0 °C, only 0.3 °C 
warmer than the estimate at Site 981.

(5)
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Summary and Conclusions
Previous faunal transfer functions relied upon calibration 

of modern taxa to temperature or to another oceanographic 
variable. For Pliocene applications, fossil faunas were, out of 
necessity, assessed in terms of the modern model to estimate 
paleoenvironmental conditions. Thus, to use faunal techniques 
to estimate Pliocene temperature, stationarity was conse-
quently assumed over the last 3 million years. If we instead 
assume stationarity of environmental tolerances only over a 
narrow interval of time, and calibrate directly to that same 
interval, our assumptions become more likely, and precise 
chronology within the interval becomes less important.

We explore another way to estimate Pliocene paleoen-
vironments without assuming environmental stationarity. 
We use independent alkenone-based mean paleotempera-
ture estimates to directly calibrate mean abundance data of 
Pliocene Foraminifera from within the PRISM3 time slab 
(3.264 Ma–3.025 Ma). Initial results are encouraging in that 
Pliocene faunal census data, converted to mean annual SST 
estimates, fit well with alkenone-based estimates. This meth-
odology allows utilization of the large amount of PRISM fau-
nal census data in order to expand spatial SST reconstructions.

The availability of ​​U​ 37​ ​K ′ ​ ​​ SST estimates on an increasing 
number of Pliocene sequences, combined with the availabil-
ity of taxonomically consistent global Pliocene planktonic 
foraminiferal census data, provides a unique opportunity 
to assess the assumption of stationarity, to help evaluate 
preferences assumed for now extinct taxa, and to estimate 
paleotemperatures.

It is important to remember that attempts at reconstruct-
ing a single environmental variable, like mean annual SST, 
are oversimplifications of complex and variable interactions 
between individuals and the n-dimensional hypervolume or 
niche (Hutchinson, 1957) within which a species of planktonic 
foraminifer can survive. While temperature is a first-order 
control on foraminifer abundance and distribution, many 
other factors (such as productivity, salinity, and nutrients) also 
play a role.

Advances in chronology allow for more precise correla-
tions between sedimentary archives, but the fundamental fau-
nal assemblage-based signals preserved in sedimentary records 
are still limited by the degree of time averaging inherent in the 
signal and added to the signal by postdepositional processes 
(such as sediment mixing due to bioturbation). During life, 
Foraminifera respond to a range of sub-annual processes that 
result in the discontinuous and seasonal rain of material to the 
sea floor. Depositional and postdepositional processes serve as 
a low-pass filter on the already time-averaged environmental 
signal embedded in foraminiferal assemblages. Our decision 
to degrade the temporal signal further, by averaging samples 
within the ~240 kyr PRISM3 interval, filters out potentially 
important responses to high-frequency ecological and envi-
ronmental changes and places constraints on the resolution of 

paleoenvironmental reconstruction. Nevertheless, comparisons 
of these SST values with previous data show similar patterns 
of warmth for the Piacenzian.
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Appendix 1.  Species List
The following list has names of planktonic foraminiferal 

species for which abundance data were used in this study 
(table 1). Samples containing the species were obtained from 
31 sites in the North Atlantic Ocean.

Dentoglobigerina altispira (Cushman & Jarvis, 1936)
Globigerina bulloides d’Orbigny, 1826
Globigerina falconensis Blow, 1959
Globigerina woodi Jenkins, 1960
Globigerinella aequilateralis (Brady, 1879)
Globigerinita glutinata (Egger, 1893)
Globigerinoides obliquus Bolli, 1957
Globigerinoides ruber (d’Orbigny, 1839a)
Globigerinoides sacculifer (Brady, 1877)
Globorotalia crassaformis (Galloway & Wissler, 1927)
Globorotalia hirsuta (d’Orbigny, 1839b)
Globorotalia menardii (d’Orbigny in Parker, Jones & 

Brady, 1865)
Globorotalia puncticulata (Deshayes, 1832)
Globorotalia scitula (Brady, 1882)
Neogloboquadrina acostaensis (Blow, 1959)
Neogloboquadrina atlantica (Berggren, 1972)1

Neogloboquadrina humerosa (Takayanagi & Saito, 1962)
Neogloboquadrina incompta (Cifelli, 1961)
Neogloboquadrina pachyderma (Ehrenberg, 1862)
Orbulina universa d’Orbigny, 1839a
Sphaeroidinellopsis seminulina (Schwager, 1866)
Turborotalita quinqueloba (Natland, 1938)

1For N. atlantica, we separated dextral (d) and sinistral (s) varieties into 
distinct counting categories as shown in table 1.
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