
Citation: Dowsett, H.; Robinson, M.;

Foley, K.; Herbert, T.; Hunter, S.;

Andersson, C.; Spivey, W. The

Relative Stability of Planktic

Foraminifer Thermal Preferences

over the Past 3 Million Years.

Geosciences 2023, 13, 71.

https://doi.org/10.3390/

geosciences13030071

Academic Editor: Spencer G. Lucas

Received: 1 February 2023

Revised: 23 February 2023

Accepted: 27 February 2023

Published: 2 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

geosciences

Article

The Relative Stability of Planktic Foraminifer Thermal
Preferences over the Past 3 Million Years
Harry Dowsett 1,* , Marci Robinson 1 , Kevin Foley 1 , Timothy Herbert 2 , Stephen Hunter 3 ,
Carin Andersson 4 and Whittney Spivey 1

1 U.S. Geological Survey, Florence Bascom Geoscience Center, Reston, VA 20192, USA
2 Department of Earth, Environmental and Planetary Sciences, Brown University, Providence, RI 02912, USA
3 School of Earth and Environment, University of Leeds, Leeds LS2 9JT, UK
4 NORCE Norwegian Research Centre, Bjerknes Centre for Climate Research, N-5007 Bergen, Norway
* Correspondence: hdowsett@usgs.gov

Abstract: Stationarity of species’ ecological tolerances is a first-order assumption of paleoenvironmen-
tal reconstruction based upon analog methods. To test this and other assumptions used in quantitative
analysis of foraminiferal faunas for paleoceanographic reconstruction, we analyzed paired alkenone
unsaturation ratio (UK′

37 ) sea surface temperature (SST) estimates and relative abundances of planktic
foraminifera within Late Pliocene assemblages. We established Pliocene temperature preferences
for nine species in the North Atlantic: Dentoglobigerina altispira, Globorotalia menardii, Globoconella
puncticulata, Neogloboquadrina atlantica, Neogloboquadrina incompta, Neogloboquadrina pachyderma, Trilo-
batus sacculifer, Globigerinita glutinata, and Globigerina bulloides. We compared these to the temperature
preferences of the same extant species, and in the three cases where the species are now extinct
(Dentoglobigerina altispira, Neogloboquadrina atlantica, and Globoconella puncticulata), comparisons were
made to either the descendant species or other modern species commonly used as analogs. In
general, the taxa tested show similar temperature responses in both Late Pliocene and present-day
(core-top) distributions. The data from these comparisons are mostly encouraging, supporting past
paleoceanographic conclusions, and are otherwise valuable for testing previous taxonomic group-
ing decisions that are often necessary for interpreting the paleoenvironment based upon Pliocene
foraminiferal assemblages.

Keywords: Pliocene; planktic foraminifera; thermal niche; sea surface temperature; alkenones;
uniformitarianism

1. Introduction

Uniformitarianism, simply stated as “the present is the key to the past”, is based
upon the seminal work of James Hutton and was popularized by Charles Lyell [1,2]. This
principle has had far-reaching effects on the geological sciences in general and specifi-
cally on paleontology and the interpretation of ancient environments through modern
analogs. Taxonomic uniformitarianism as used here refers to the stationarity of a species’
ecological preference over time. Here we focus on planktic foraminifera, ubiquitous in the
world’s oceans today and throughout the Cenozoic, and their relationship to sea surface
temperature (SST). Temperature is the dominant driver of planktic foraminiferal species dis-
tributions, often overwhelming all other ecological factors, especially in the North Atlantic
Ocean [3–8].

Planktic foraminiferal census data have been routinely used to quantitatively esti-
mate paleoceanographic SSTs since the 1970s, when a method for deriving factor analytic
transfer functions was introduced [9]. The Imbrie–Kipp method (IKM) relates modern
species abundance data to present-day physical oceanographic parameters. Equations are
then derived that can be applied to fossil assemblages to make quantitative estimates of
paleoenvironments. This technique was used extensively in the CLIMAP reconstruction
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of the Last Glacial Maximum [10] and later the Last Interglacial [11]. The IKM and other
methods such as the Modern Analog Technique (MAT), in which fossil assemblages are
assigned the SST of the most analogous assemblage within a modern dataset [12], and
methods using artificial neural networks to discover patterns within data [13,14] all rely
upon the basic assumption that modern foraminiferal faunas can be used as analogs to
interpret Quaternary assemblages. For example, Late Pleistocene glacial and interglacial
SSTs have been reconstructed from planktic foraminiferal assemblages [10,15–17]. Indeed,
Antell et al. [18] have shown that the 100,000-year glacial–interglacial SST cycle over the
last 700,000 years has not affected the temperature preferences of planktic foraminifera.

Kucera and Schonfeld [19] documented that the modern foraminiferal fauna was
established by ~4 Ma, suggesting that calibration of species tolerances in sediments older
than the initiation of Northern Hemisphere glaciation might not be valid. Thus, extending
these methods to deeper time settings means perhaps inappropriately applying the concept
of taxonomic uniformitarianism for the temporal range of the species, up to several million
years and across notable paleoclimate transitions. It also requires additional assumptions
to address extinction and evolution of species [20–26]. Nevertheless, the USGS Pliocene
Research, Interpretation and Synoptic Mapping (PRISM) Project applied modern species-
temperature associations to foraminiferal census data in the 3.3 Ma to 3.0 Ma interval within
the Piacenzian Stage of the Pliocene [27]. The resulting temperature estimates, in combina-
tion with geochemical proxies for SST, have formed the cornerstone of several iterations
of PRISM global paleoenvironmental reconstructions [28–32]. PRISM SST data, in turn,
have been routinely used to initiate atmospheric general circulation model experiments
and verify coupled ocean-atmosphere experiments [27,33–38]. Here, we test the validity
of extending the assumption of taxonomic uniformity to the mid-Piacenzian by plotting
Pliocene species abundances against independently derived SST data and then comparing
these Pliocene temperature distributions to those of modern taxa.

This work utilizes the extensive PRISM planktic foraminiferal census dataset [39]
and associated alkenone-based SST estimates to document the temperature preferences
of Pliocene species, examine the assumption of species’ temperature range stability over
millions of years, and address some additional assumptions required to extend quanti-
tative assemblage methods to Pliocene-age faunas. We focus these initial tests on the
North Atlantic Ocean where the dataset is of the highest temporal and geographical res-
olution and where the relationship between species distributions and SST is strong. We
examine six extant Pliocene species: Neogloboquadrina pachyderma, Neogloboquadrina in-
compta, Globigerina bulloides, Globorotalia menardii, Trilobatus sacculifer, and Globigerinita
glutinata; three extinct Pliocene species: Dentoglobigerina altispira, Globoconella puncticulata,
and Neogloboquadrina atlantica; and the modern species Globoconella inflata, the descendant of
Gl. puncticulata. Our results help to define the nature of taxonomic uniformity over millions
of years and reinforce North Atlantic species’ temperature associations and their application
to paleoceanography.

2. Materials and Methods
2.1. Geographic Distribution of Pliocene Samples

We focus on the North Atlantic Ocean because it is here that we have the highest
concentration of sites. Moreover, the response of species distributions in the North Atlantic
to SST is especially strong [40]. Our Pliocene dataset contains 341 paired samples from
the mid-Piacenzian Stage of 18 localities where we have both alkenone SST estimates
and faunal assemblage data (Figure 1, Table S1). To increase coverage in the tropics, we
supplement the North Atlantic data with 23 mid-Piacenzian samples from an additional
site (ODP Site 1115) in the western equatorial Pacific (Solomon Sea).
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calibrated to Müller et al. [44]. 
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Project, Ocean Drilling Program, Integrated Ocean Drilling Program, and International 
Ocean Discovery Program localities (Figure 1; Tables S1 and S2) in the Global Planktic 
Foraminifer dataset for the Pliocene ocean [39]. In most cases, 10–20 cc samples were ac-
quired from a split core using a cylindrical plug, oven-dried at ≤50 °C, and then soaked 
and agitated in water with ~2 mL of dilute sodium hexametaphosphate solution (5 g to 1 
L water) for 1–2 h. Samples were then washed over a 63 μ sieve until clean, oven-dried at 
≤50 °C, then dry-sieved to concentrate the ≥150 μ fraction. Samples were split to obtain 
~300 planktic foraminifer specimens and placed on a 60-cell faunal micropaleontology 
slide, identified into species, and counted. Taxa are reported in relative abundances within 
samples, and while this metric is affected by the diversity of each sample, we consider it 
the most meaningful representation of species temperature preference for this study. 
While the actual flux of various species may be more informative, many of the sites we 
incorporate do not have the data necessary to estimate mass accumulation rates and fluxes 
of planktic foraminifera to the sea floor.  

Figure 1. Map of Pliocene core sites. Geographic location of 18 North Atlantic sites used in this
study. Inset figure shows North Atlantic temperature gradients as anomalies from the pre-industrial
gradient (horizontal black dashed line). Multiproxy gradient from Dowsett et al. [41], pink; PRISM4
alkenone-based gradient from Dowsett et al. [42], green; PlioVAR (Pliocene Climate Variability over
glacial–interglacial timescales) gradient based on alkenone SST estimates from McClymont et al. [43],
blue. PRISM4 and PlioVAR gradients are based upon alkenone analyses calibrated to Müller et al. [44].

2.2. Faunal Census Data

Piacenzian faunal assemblage data were generated from the 19 Deep Sea Drilling
Project, Ocean Drilling Program, Integrated Ocean Drilling Program, and International
Ocean Discovery Program localities (Figure 1; Tables S1 and S2) in the Global Planktic
Foraminifer dataset for the Pliocene ocean [39]. In most cases, 10–20 cc samples were
acquired from a split core using a cylindrical plug, oven-dried at ≤50 ◦C, and then soaked
and agitated in water with ~2 mL of dilute sodium hexametaphosphate solution (5 g to 1 L
water) for 1–2 h. Samples were then washed over a 63 µ sieve until clean, oven-dried at
≤50 ◦C, then dry-sieved to concentrate the ≥150 µ fraction. Samples were split to obtain
~300 planktic foraminifer specimens and placed on a 60-cell faunal micropaleontology
slide, identified into species, and counted. Taxa are reported in relative abundances within
samples, and while this metric is affected by the diversity of each sample, we consider it the
most meaningful representation of species temperature preference for this study. While the
actual flux of various species may be more informative, many of the sites we incorporate
do not have the data necessary to estimate mass accumulation rates and fluxes of planktic
foraminifera to the sea floor.

Pre-industrial (core-top) planktic foraminiferal assemblage data were extracted from
the ForCenS database of planktic foraminifer census counts [45]. We extracted 2068 samples
designated as “Atlantic” from the original 6984 samples in ForCenS. Removing duplicates
further reduced the number of North Atlantic core-top samples to 932. These core localities
provide coverage of the full range of modern North Atlantic biogeographic zones (see also
Figure S1).



Geosciences 2023, 13, 71 4 of 15

2.3. Sea Surface Temperature

We use the Merged Hadley-OI SST and sea ice concentration dataset, Version 5.0
1-degree [46] to represent pre-industrial (PI) conditions. We extracted and averaged the
monthly data from 1870–1899 and then used linear interpolation to derive mean annual
SSTs and monthly means for each of the 932 ForCenS core-top sediment samples.

For Pliocene samples, alkenone temperature estimates are based upon the UK′
37 pale-

otemperature index and derived from estimates provided in Dowsett et al. [47] except for
data from Site 642, which are from Bachem et al. [48]. In all cases, SSTs are reported using
the Müller et al. [44] calibration for mean annual temperature. The UK′

37 index has an upper
limit of ~28.5 ◦C [49] capping our Pliocene SST estimates and a calibration uncertainty of
±1.38 ◦C [50]. The mid-Piacenzian North Atlantic was generally warmer than during the
PI [42,43,51], and all Pliocene SST estimates exceed 10 ◦C, though lower temperatures are
found in the PI dataset.

2.4. Chronology

Both the alkenone estimates and faunal census data are from the mid-Piacenzian
intervals of all sites (~3.3 Ma to ~3.0 Ma), based on the published ages assigned to each
sample. In most cases, both UK′

37 SST estimates and relative abundance data were collected
from the same samples. Where both data types were not available from the same samples,
SST data series were interpolated to obtain values for the same depths as the faunal
census data.

3. Results
3.1. Temperature Response of Pliocene Species

Relative abundances of nine taxa from the mid-Piacenzian are compared to SST es-
timates of the same age derived using alkenone paleothermometry (Figure 2). Figure 2
shows SSTs between 10 ◦C, the coolest estimate in our dataset, and 28.5 ◦C, the upper limit
of the alkenone paleothermometer. Three types of temperature responses are revealed: taxa
with maximum abundance at the warmest temperatures, at the coolest temperatures, and
near the middle of the SST range (~20 ◦C).

Warm taxa include D. altispira, T. sacculifer, and Gl. menardii, which all show a prefer-
ence for warm SSTs with maximum relative abundances at the upper end of the alkenone
methodology (~28.5 ◦C). Neogloboquadrina atlantica, common in Pliocene North Atlantic
sediments [26,52–56], is considered the cold endmember of the genus (see also Figure S1,
Table S3). In the North Atlantic, N. atlantica has a temperature response opposite to the
warm species with very few occurrences (relative abundance < 0.1) at temperatures > 22 ◦C
and a rapid increase with decreasing temperature, so it often dominates Pliocene assem-
blages with relative abundance > 0.8 at temperatures ≤ 15 ◦C (Figure 2). The remaining
species, N. pachyderma, N. incompta, Gl. puncticulata, G. bulloides, and Gt. Glutinata, have
maximum abundances (over the 10 ◦C to 28.5 ◦C range) in samples centered on ~20 ◦C.
Globigerinita glutinata exhibits two maxima, one near 20 ◦C and a second skewed toward
the warmest temperatures, similar to the warm species listed above (Figure 2).

3.2. Temperature Response of Pre-Industrial Core-Top Species

The thermal distributions of extant Pliocene taxa are shown in Figure 3 where North
Atlantic core-top assemblage data are plotted against PI SSTs. The modern distribution
patterns of extant taxa are largely like their mid-Piacenzian distributions in that the warm
taxa T. sacculifer and Gl. menardii increase in abundance with temperature increase, while N.
incompta, G. bulloides, and Gt. glutinata show maximum abundances in the middle of the
10 ◦C to 30 ◦C temperature range. Neogloboquadrina pachyderma shows a clear increase in
relative abundance towards colder temperatures (<10 ◦C). From the 10 ◦C to 30 ◦C range,
the thermal responses of both Pliocene and PI N. pachyderma are similar (Figure 3). The
warmer high-latitude temperatures of the mid-Piacenzian North Atlantic compared to
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those of the PI are apparent in these plots, as minimum mid-Piacenzian SST estimates are
~10 ◦C, and PI estimates are as cool as ~2 ◦C.
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Figure 2. Temperature responses of nine species of Pliocene planktic foraminifera found in the North
Atlantic. Sea surface temperatures derived using the UK′

37 index range from 10 ◦C to 30 ◦C and are
plotted against the relative abundance of species (0.0 to 1.0) within each sample. See text.
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Figure 3. Comparison of extant species found in the North Atlantic. Scatter plots of relative abun-
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Atlantic data. Horizontal arrows and green shading highlight the 0 ◦C to 10 ◦C region of only core-top
data in each plot.

3.3. Comparison of Pliocene and PI Temperature Responses

The difference between mid-Piacenzian and PI North Atlantic latitudinal temperature
gradients are shown in Figure 1. Mid-Piacenzian SSTs were warmer than during the PI,
and the degree of additional warmth increases with increasing latitude [37,41–43]. These
relatively warm high-latitude temperatures limit our ability to fully assess the thermal
niche of species, especially those preferring cold temperatures. Therefore, the following
results are restricted to the 10 ◦C–30 ◦C temperature responses of taxa.

3.3.1. Extant Taxa

Globigerina bulloides is a subpolar species [7] with a bimodal temperature distribution
in the North Atlantic today (Figure 3). In warmer regions, it is usually associated with
cooler surface waters and increased nutrients characteristic of upwelling. During the
mid-Piacenzian, G. bulloides is associated with a wide range of SSTs with a broad response
centered on ~20 ◦C within the range of the warmer modes recorded for this species in the
core top. Since North Atlantic SSTs were warmer in the Pliocene, and since upwelling
waters were also warmer, we do not record the lower temperature mode.

Globigerinita glutinata is present in core-top samples from subpolar through tropical
regions. Our Pliocene data show a distribution that spans the range of temperature seen
in core-top samples (Figure 3) with maxima near 20 ◦C and at the warm end of the range.
Spatially, both core-top and Pliocene distributions show maximum abundances in the
southwest and northeast North Atlantic (Figure S1).
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Trilobatus sacculifer and Gl. menardii have core-top spatial distributions (Figure S1) that
track gyre-margin (tropical-subtropical) conditions [40]. Both species have mid-Piacenzian
and PI relative abundances that increase with temperature, indicating a preference for
the warmest conditions (Figure 3). Each of these species shows a Pliocene temperature
preference within the range of those recorded for the same species in the core top (Figure 3).

Neogloboquadrina pachyderma is a well-known polar species with affinities for cold
temperatures at the core top [40,55,57]. Figure 3 shows PI N. pachyderma present in very
low abundances at temperatures warmer than ~10 ◦C, rapidly increasing between 10 ◦C
and 5 ◦C, where it routinely comprises nearly 100% of the core-top assemblage. In Pliocene
samples between 10 ◦C and 30 ◦C, N. pachyderma shows abundances like those found
in the core-top data at the same temperatures. Neogloboquadrina pachyderma had a more
restricted range of preferred temperature during the Pliocene, and/or it was displaced
relative to core-top distributions by other taxa. During the mid-Piacenzian, N. atlantica was
the dominant cool species, rapidly increasing from a relative abundance of 0.4 near 20 ◦C to
0.9 by 15 ◦C (Figure 2). Neogloboquadrina pachyderma reaches maximum relative abundances
of ~0.20 in both core-top and mid-Piacenzian datasets in samples between 10 ◦C and 30 ◦C
(Figures 2 and 3).

Neogloboquadrina incompta is a common subpolar species today, reaching maximum
core-top relative abundances of ~0.6 at temperatures of ~15 ◦C (Figure 3). Our Pliocene
data show similar relative abundances between 17 ◦C and 30 ◦C, but unlike the core-top
data, Figure 3 shows a cluster of low-abundance samples near 15 ◦C derived from sites 552
and 982. The relative abundances of this species and N. pachyderma during the Pliocene
were influenced by the spatial distribution of N. atlantica (see below).

3.3.2. Extinct Taxa

The relative abundance data presented in Figure 4 allow us to estimate temperature
preferences of some extinct taxa. Through comparisons to extant taxa, we can assess the
taxonomic groupings used by PRISM when interpreting Pliocene planktic foraminiferal
assemblages, specifically for SST estimation.

Geosciences 2023, 13, x FOR PEER REVIEW 8 of 16 
 

 

 
Figure 4. Assessment of previous taxonomic groupings of extinct planktic foraminifera taxa. (A) 
Globoconella inflata (core top) and Globoconella puncticulata (Pliocene), (B) Trilobatus sacculifer (core 
top) and Dentoglobigerina altispira (Pliocene), (C) Neogloboquadrina pachyderma (core top) and Neoglo-
boquadrina atlantica (Pliocene). Pliocene data (black); core-top data (gray). Dashed vertical lines at 10 
°C indicate the lower temperature limit of Pliocene North Atlantic data. Horizontal arrows and 
green shading highlight the 0 °C to 10 °C region of only core-top data in each plot. 

We compare Gl. puncticulata to Gl. inflata. Globoconella puncticulata occurs in Pliocene 
North Atlantic samples but disappears near the Piacenzian-Gelasian boundary [58–61]. 
Globoconella inflata, present in core tops, evolved from Gl. puncticulata during the Early 
Pliocene in the Southwest Pacific region [62]. The two species have similar biogeographic 
distributions in the North Atlantic (Figure S1) and have previously been considered to 
have similar environmental tolerances when interpreting paleoceanographic conditions 
[21,23,26]. Globoconella puncticulata has a very similar distribution to the core-top distribu-
tion of Gl. inflata (Figure 4).  

We compare D. altispira to T. sacculifer. Dentoglobigerina altispira is present in North 
Atlantic Pliocene samples but became extinct at ~3 Ma [60]. Environmental preferences for 
this taxon have previously been based upon its negative δ18O values compared to other 
elements of the assemblage [63–66] and its geographic distribution during the Pliocene 
(Figure S1), which shows greatest abundance in tropical regions [42,55]. The relative abun-
dance of D. altispira in Pliocene samples increases with temperature, not unlike the re-
sponse exhibited by Pliocene and PI T. sacculifer (Figures 3 and 4). The paired faunal abun-
dance and alkenone SST data for D. altispira and T. sacculifer (Figure 4) add additional 
evidence for D. altispira being a tropical, warm-water surface dweller. These data support 
previous studies that grouped D. altispira in a Globigerinoides (warm) counting category 
for SST estimation based on mid-Piacenzian assemblage data [26]. 

Finally, we compare N. atlantica to N. pachyderma. Neogloboquadrina atlantica was 
widespread and dominant in high-latitude assemblages of the North Atlantic during the 
Pliocene [56,67–69]. Dowsett and Poore [26] considered N. atlantica, exhibiting sinistral 
coiling, to be the cold endmember of the genus during the Pliocene. Our paired Pliocene 
alkenone and foraminiferal abundance data show N. atlantica was extremely rare in waters 
with mean annual temperatures greater than ~20 °C. Below ~20 °C, abundance rapidly 
increased to where it became the dominant Pliocene species at high latitudes, in agree-
ment with previous work (Figure 2). Our highest-latitude North Atlantic site (ODP Site 
642) does not record temperatures below 10 °C for the Late Pliocene [48]. 

Figure 4. Assessment of previous taxonomic groupings of extinct planktic foraminifera taxa.
(A) Globoconella inflata (core top) and Globoconella puncticulata (Pliocene), (B) Trilobatus sacculifer
(core top) and Dentoglobigerina altispira (Pliocene), (C) Neogloboquadrina pachyderma (core top) and
Neogloboquadrina atlantica (Pliocene). Pliocene data (black); core-top data (gray). Dashed vertical lines
at 10 ◦C indicate the lower temperature limit of Pliocene North Atlantic data. Horizontal arrows and
green shading highlight the 0 ◦C to 10 ◦C region of only core-top data in each plot.
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We compare Gl. puncticulata to Gl. inflata. Globoconella puncticulata occurs in Pliocene
North Atlantic samples but disappears near the Piacenzian-Gelasian boundary [58–61].
Globoconella inflata, present in core tops, evolved from Gl. puncticulata during the Early
Pliocene in the Southwest Pacific region [62]. The two species have similar biogeographic
distributions in the North Atlantic (Figure S1) and have previously been considered to have
similar environmental tolerances when interpreting paleoceanographic conditions [21,23,26].
Globoconella puncticulata has a very similar distribution to the core-top distribution of Gl.
inflata (Figure 4).

We compare D. altispira to T. sacculifer. Dentoglobigerina altispira is present in North
Atlantic Pliocene samples but became extinct at ~3 Ma [60]. Environmental preferences for
this taxon have previously been based upon its negative δ18O values compared to other
elements of the assemblage [63–66] and its geographic distribution during the Pliocene
(Figure S1), which shows greatest abundance in tropical regions [42,55]. The relative
abundance of D. altispira in Pliocene samples increases with temperature, not unlike the
response exhibited by Pliocene and PI T. sacculifer (Figures 3 and 4). The paired faunal
abundance and alkenone SST data for D. altispira and T. sacculifer (Figure 4) add additional
evidence for D. altispira being a tropical, warm-water surface dweller. These data support
previous studies that grouped D. altispira in a Globigerinoides (warm) counting category for
SST estimation based on mid-Piacenzian assemblage data [26].

Finally, we compare N. atlantica to N. pachyderma. Neogloboquadrina atlantica was
widespread and dominant in high-latitude assemblages of the North Atlantic during the
Pliocene [56,67–69]. Dowsett and Poore [26] considered N. atlantica, exhibiting sinistral
coiling, to be the cold endmember of the genus during the Pliocene. Our paired Pliocene
alkenone and foraminiferal abundance data show N. atlantica was extremely rare in waters
with mean annual temperatures greater than ~20 ◦C. Below ~20 ◦C, abundance rapidly
increased to where it became the dominant Pliocene species at high latitudes, in agreement
with previous work (Figure 2). Our highest-latitude North Atlantic site (ODP Site 642) does
not record temperatures below 10 ◦C for the Late Pliocene [48].

The present-day cold endmember of the genus Neogloboquadrina is N. pachyderma. This
generally polar species is found most often in high latitudes and upwelling regions [5]. In
the modern ocean, it shows a cool temperature response with a sharp increase in abundance
occurring at ≤10 ◦C (Figure 3). As in the modern ocean, N. pachyderma is ubiquitous across
the Pliocene North Atlantic (Figures 2, 3 and S1). Unlike the modern ocean, however, this
species does not peak in the coldest Pliocene temperatures, possibly because the high-
latitude North Atlantic was warmer in the Pliocene than it is today. Instead, N. atlantica
dominates the coolest regions in the northeastern North Atlantic (Figure 4).

Our paired alkenone–abundance data suggest N. atlantica was present during the
Pliocene at warmer temperatures than present-day N. pachyderma. Therefore, the effect of
grouping both Pliocene taxa together for assemblage-based SST estimation and calibrating
to the core-top temperature response of N. pachyderma would result in a cool-biased SST
estimate. The implication is that in the absence of other factors, high-latitude PRISM
temperature estimates based solely upon assemblage analysis underestimate warming
while still clearly indicating mid-Piacenzian polar amplification.

The dominance of N. atlantica at cooler temperatures (Figure 4) affects the relative
abundances of other Pliocene taxa. Figure 5 shows how the high relative abundance
of N. atlantica between 10 ◦C–15 ◦C likely reduces the abundance of N. incompta and N.
pachyderma, and perhaps G. bulloides and Gt. glutinata, from their core-top response in that
same temperature interval. Dentoglobigerina altispira has the same effect in the warmer
temperatures; it likely reduces the abundance of T. sacculifer above 25 ◦C.
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Figure 5. Comparison of mean relative abundances within 2.5 ◦C temperature bins ranging from
10 ◦C to 30 ◦C for seven extant species (N. pachyderma, N. incompta, G. bulloides, Gl. inflata, Gt. glutinata,
Gl. menardii, T. sacculifer) and three extinct species (N. atlantica, Gl. puncticulata, D. altispira). Pliocene
data are shown in green, core-top data in black.
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4. Discussion

Our comparisons of Pliocene species’ temperature distributions to those of modern
taxa show relative stability in the thermal preferences of these taxa, though some differences
are apparent. For example, our comparisons of Pliocene and core-top taxa (Figures 3 and 4)
show warmer Pliocene maximum temperatures (28.5 ◦C) than are seen in core-top samples
(27.9 ◦C). This offset is caused by the difference between the SST data used to calibrate the
alkenones [70] and the PI SST data [46] used to assign temperatures to core-top samples.
This 1 ◦C difference is within the range of alkenone calibration uncertainty.

Pliocene minimum temperatures could also be affected by calibration issues. While
the UK′

37 paleotemperature index is calibrated to mean annual SSTs [44], seasonal biases
may exist due to changes in the timing of alkenone production by haptophyte algae [71]. If
our alkenone-based SSTs are indicating late spring or summer productivity in high-latitude
regions, the minimum temperatures in our Pliocene data could reflect summer rather than
the mean annual SST.

The difference in the density of our Pliocene and PI datasets could also introduce bias.
Our Pliocene dataset, limited to 18 North Atlantic sites, does not have the spatial coverage
afforded by the 932 ForCenS core-top samples (Figure S1). Thus, the ForCenS core-top
dataset possibly samples environments that are missed by the Pliocene dataset.

Conversely, there may be no-analog Pliocene environments. For example, very high
Pliocene productivity could affect the relative abundance of species (e.g., the Gt. glutinata
decreased abundance at ~25 ◦C; Figure 2). A small number of samples (10 samples from
Sites 609 and 1308 at about 20 ◦C with relative abundances > 0.5, and a second group near
24–25 ◦C with abundances > 0.4 from Site 958) plot outside the core-top data, exhibiting very
high abundances of Gl. puncticulata (Figure 4). Robinson et al. [72] suggested anomalously
high abundances of Gl. puncticulata at Site 609 due to increased productivity that caused
faunal assemblage-based SST estimates to be warmer than those estimated by other proxies.
This is corroborated by available alkenone concentration data, interpreted as an indicator
of productivity, from nearby Sites 607, 982, and 1313 [73,74]. Assemblages from eastern
North Atlantic Site 958, influenced by the African margin, might also represent unique
Pliocene environmental conditions not observed today.

Furthermore, core-top (and Pliocene) samples are, to some degree, temporally aver-
aged over a range of timescales. Varying sedimentation rates, bioturbation, and especially
at the core top, drilling disturbance, can distort or disguise temporal signals. Accumula-
tion rates vary geographically and temporally, but a typical 1 cm sediment sample may
represent between 50 and 500 years of accumulation. The faunal assemblage extracted
from each sample, assuming accumulation rate was constant over those years, represents
average conditions for that period. More likely, regional phytoplankton blooms and zoo-
plankton patchiness result in uneven temporal and spatial fluxes. Bioturbation further
compromises sediment chronology through mixing the sediment column, shifting elements
of the fauna from their original levels [42,75,76]. This temporal mixing affects both the
alkenone paleothermometer and the foraminiferal assemblage, undoubtedly at different
scales and at different times. The ForCenS curated database, despite improvements over
past core-top compilations, may still represent a range of different ages (and corresponding
paleoceanographic conditions), rather than a true PI time slice.

Finally, while it appears to not be an issue, we accept that our exploration of the
thermal habitat preferences of planktic foraminifera is dependent upon the stability of the
UK′

37 paleotemperature index through time [49]. Even with the potential introduction of
noise into our comparisons, we see similarities in thermal responses of the selected species
that approximate stability of thermal preferences in planktic foraminifera over the past
3 million years.

We recognize that the species niche is a multidimensional space. While temperature
is often a first-order control on the abundance of Pliocene and pre-industrial (core-top)
taxa, other environmental variables (e.g., salinity, nutrients, dissolved oxygen, chlorophyll
concentrations, etc.) are also factors [77]. The core-top data provide a more complete spatial
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sampling of North Atlantic environmental conditions than does our Pliocene dataset. Some
disagreement between core-top and Pliocene temperature responses may be attributable
to incomplete Pliocene sampling of the environmental space and/or the existence of no-
analog Pliocene environments (Figures S1 and S2). Overlap between Pliocene and core-top
temperature responses, assuming other factors are negligeable, are taken as evidence
of similar temperature preferences. Even when the spatial density of paired Pliocene
temperature–abundance data increases, it may not be possible to definitively determine the
existence of stationarity/lability of a species thermal niche. The degree to which stationarity
of thermal preferences can be approximated is dependent upon both application and scale.

Thermal niches of planktic foraminifera have been shown to be static over the past
700,000 years [18] with SSTs as the first-order driver of assemblage composition [57].
Strac et al. [78] documented changes in North Atlantic assemblages in response to deglacial
warming (equivalent in scale to what is expected by the end of this century), though that
response may not have been uniform.

5. Conclusions

Our work suggests that thermal niches may have been stable over the past 3 million
years. We have documented Pliocene (Piacenzian) thermal preferences for nine species
of planktic foraminifera in the North Atlantic Ocean using alkenone paleothermometry
as an independent source of temperature data. We found that planktic foraminiferal
species temperature responses appear qualitatively similar between the Pliocene and PI in
many of the planktic foraminiferal species we investigated. However, the results depend
upon our definition of “similar.” For our purposes, we feel planktic foraminifer thermal
niches are stable enough to support the use of assemblage-based temperature estimates on
Pliocene assemblages.

Beyond the evaluation of stationarity, our results provide a direct assessment of ther-
mal habitat preferences for Pliocene planktic foraminifera. This information can be used to
evaluate paleoenvironments and, in conjunction with other proxy methods, can be used to
identify situations where environmental variables other than temperature may be exhibit-
ing a first-order control on faunal assemblages, thereby highlighting important aspects of
the paleoenvironment. This strengthens our ability to reconstruct past environments and
thereby validate model experiments, which in turn affords a more robust understanding of
the effects of future climate change on biodiversity, ecosystems, and natural resources.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/geosciences13030071/s1, Figure S1: Relative abundance of species;
Figure S2: Pliocene SST estimates by core site; Table S1: Summary SST statistics for localities; Table S2:
Summary SST statistics for taxa; Table S3: Pliocene sites shown in Figure S1; Table S4: Unpublished
faunal census data from ODP Site 642; Taxonomy.
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North Atlantic surface sediment samples can be found at https://gdex.ucar.edu/dataset/158_asphilli.
html (accessed on 11 May 2022).
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