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Abstract

Oceanographic dynamics in the Gulf of Tehuantepec (GT) are the direct consequence of climate variability, mainly influenced by the strong wind regime
locally called “Tehuanos” and the interactions between the Intertropical Convergence Zone (ITCZ) and El Nifio Southern Oscillation (ENSO). The area
is characterized by intense upwelling driven by the Tehuanos within one of the largest Oxygen Minimum Zones (OMZ) in the world. Upwelling carries
nutrient-rich subsurface waters to the surface and provides marine resources to the coasts conforming one of the main economic sectors in the region.
In this study, sediment core MD02-2521 is used to perform the first high-resolution paleoceanographic reconstruction of the last é millennia in the
GT. The main focus is put on the analysis of the benthic foraminifera (BF) assemblages inhabiting within the OMZ, which appear to respond to bottom
oxygenation and climate variations of the last ~6000years. The microfossil assemblages throughout the sediment core revealed, first, intervals where the
lack of foraminifera provide evidence of episodes of strong deoxygenation that triggered the dissolution of calcareous foraminiferal tests, second, a long-
term decline of bottom-water oxygenation in the last ~2500years likely responding to the southward migration of the ITCZ. Last, variations in response
to the transitions between cold and warm periods occurred during the last 2—2.5 millennia and cyclicities of 1470years resembling Bond Cycles suggest a
climatic connection between the Pacific and Atlantic Oceans during the late-Holocene.
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Introduction Tehuantepec, causing the winds to reach up to 100 km/h (Figure 1,
Romero-Centeno et al., 2003). This powerful wind regime is
responsible for the development of upwelling in the area, which is
quite intense in the GT during the Holocene (Arellano-Torres
et al., 2013). Upwelling triggers high rates of primary productiv-
ity of up to 350 gC/m?year in the surface (Antoine et al., 1996).
As a consequence, large amounts of organic matter (OM) sink and
degrade causing oxygen consumption and depletion in the water
column. In addition, poor water mixing in the GT, and the pres-
ence of the old, nutrient-rich, and oxygen-poor intermediate
waters in the Pacific derived from the North Atlantic Deep Water
after its path through the Atlantic (Sarmiento et al., 1988; Sen
Gupta and Machain-Castillo, 1993; Tsuchiya and Talley, 1998)
have favored the development of one of the largest Oxygen

Climate dynamics of the Tropical Pacific Ocean is the result of
intricate interactions between ocean and atmosphere. The atmo-
spheric pressure differences across the eastern and western Pacific
coasts causes precipitation and trade wind flow patterns that mod-
ulate ocean superficial temperature and current flows. The inten-
sity of the winds fluctuates according to the interannual variability
of the El Niflo Southern Oscillation (ENSO), which is in turn
modulated by the relative position of the Intertropical Conver-
gence Zone (ITCZ), producing more intense winds when the
ITCZ is at its southernmost position (Clarke, 1988; Hurd, 1929;
Molina-Cruz and Martinez-Lopez, 1994; Metcalfe et al., 2015;
Schneider et al., 2014; Staines-Urias et al., 2015). The Gulf of
Tehuantepec (GT), located in the Tropical Mexican Pacific
between 14°30'N to 16°12'N and 92°00'W to 96°00'W (Figure 1),
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Figure |. (a) Map of the Isthmus and Gulf of Tehuantepec. Blue
arrows show the direction of the “Tehuano” winds. (b) Detailed
bathymetry map of the study area. The red point shows the
location of sediment core MD02-2521. Black points display the
location of the stations from where oxygen and CTD data were
collected (Table 3).
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Figure 2. Profiles of dissolved oxygen (DO) in the water column
until 150 m depth compiled from oceanographic campaigns Tehua
VIll, Tehua X, and Tehua XII (Table 3). DO values until 800 m depth
are in Supplemental Appendix |.

Minimum Zones (OMZ) in the world besides those in the Eastern
Tropical South Pacific, the Arabian Sea, the Bay of Bengal, and
off southwest Africa (Kamykowski and Zentara, 1990). The OMZ
in the GT lies between 50—100 and >800 m depth with values of
dissolved oxygen (DO) between 0.03 and 0.05ml/l (Figure 2;
Supplemental Appendix 1), eventually reaching full anoxia (or
0.0ml/) (Cline and Richards, 1972; Pérez-Cruz and Machain-
Castillo, 1990). Changes of upwelling intensity bring in turn con-
sequent variations in column stratification, productivity, and more

or less availability and/or reachability of nutrients and OM to the
seafloor (Davies et al., 2011; Ortiz et al., 2004).

From a socio-economic point of view, large rates of productiv-
ity are crucial for the development of fisheries (Fiedler and Lavin,
2017), which are an important part of the economic growth in this
region, being the GT situated at the southern boundary of the
Mexican Exclusive Economic Zone. However, global warming is
most likely going to dramatically modify ocean dynamics, thus
affecting these productivity patterns. Additionally, it is thought
that anthropogenic impact is affecting the area due to pollution by
oil-derived hydrocarbon and heavy metals, herbicides, and insec-
ticides (Ruiz-Fernandez et al., 2004, 2009; Tapia-Garcia, 1998).

Despite the large interest that the GT represents from climatic,
oceanographic, and socioeconomic points of view, only a handful
of studies have focused on this area, especially as far as pale-
oceanography is concerned. This study is a paleoceanographic
reconstruction in the GT using benthic foraminifera (BF) as a
proxy for the evolution of bottom-water oxygen conditions. The
huge diversity of these calcareous protozoans primarily responds
to DO and OM fluxes reaching the seabed and have been success-
fully used in sedimentary records as proxies for changes in
upwelling and bottom oxygenation in OMZ’s (e.g. Altenbach
et al., 1999; Balestra et al., 2018; Bernhard and Reimers, 1991;
Hermelin, 1991; Jorissen et al., 1995; Murray, 2006; Ohkushi
et al., 2013; Pérez-Cruz and Machain-Castillo, 1990; Shibahara
etal., 2007). Although low oxygen conditions may cause decreas-
ing richness and diversity of foraminiferal populations and even
dissolution of their tests (Schnitker et al., 1980; Wignall and
Myers, 2015), other studies demonstrate that BF can remain
abundant under extreme environments (e.g. hydrocarbon seeps,
Sen Gupta et al., 2009). In particular, within OMZ’s, limited
availability of oxygen levels reduce the BF population to a few
dominant species with adapted morphologic attributes, such as
little size and large pores to facilitate gas exchange which allow
them to tolerate strong oxygen deficiencies such as anoxia (Sen
Gupta and Machain-Castillo, 1993; Sen Gupta et al., 2009). The
populations are nearly completely composed of calcareous taxa
since agglutinated species are less tolerant to hypoxic conditions,
while some miliolids may occur during episodes of rapid ventila-
tion (Bernhard and Sen Gupta, 1999; Den Dulk et al., 2000;
Gooday and Rathburn, 1999; Gooday, 2003).

The present study contributes new micropaleontological data
from sediment core MD02-2521 with the aim to provide the first
reconstruction of the evolution of bottom-water conditions and
climate implications in the GT across the past 6 millennia.

Materials and methods

Sediment sampling

This study is focused on the 571.5 cm long sediment core MD02-
2521 retrieved on the west coast of the GT (15°40.25'N;
95°18.00'W, Figure 1). The operation was carried out using a
Calypso Square Corer at 718.7m depth during the IMAGES VII/
MDI126 MONA “Margins of North America” Cruise on June
17th, 2002 aboard the RV “Marion Dufresne” (Beaufort, 2002).
Sediment core MD02-2521 is mainly composed by olive green to
grayish silty-clay containing diatoms, nannofossils, foraminifers,
sponge spicules, and OM (Beaufort, 2002). Laminations are well
preserved and are distributed intermittently throughout the sedi-
mentary sequence (see Figure 3).

Bulk sediment samples of approximately 5 cm? were collected
from every 5cm at the Laboratory of Micropaleontology of the
Institute of Marine Sciences and Limnology (National Autono-
mous University of Mexico). Wet samples were weighed,
dried, sieved through a 63 um sieve using tap water, dried at
room temperature in Whatman™ filter papers, and weighed
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Figure 3. X-ray photographs of the four sections in which sediment core MD02-2521 was divided. A sketch at the right side of each

photograph clarifies the levels where laminations are well preserved.

again. Sediment samples at 141 cm and 556 cm were not available
because they were previously sampled for dating.

Radiocarbon ('*C) dating

The chronology of sediment core MD02-2521 was established by
the assignment of eight control points at levels 0.1-0.6, 9-10,
100-100.5, 192.5-193, 300-300.5, 399.5-400, 500-500.5, 556~
556.5 cm depth (Supplemental Appendix 2, Figure 4). The ages of
bulk marine sediment samples were determined by radiocarbon
(1*C) dating with an Accelerator Mass Spectrometry (AMS) at the
Lalonde AMS Laboratory (Ottawa, Canada). Radiocarbon ages
were calibrated to calendar years before present (cal yrs BP) with
the Marinel3 radiocarbon age calibration curve (Reimer et al.,
2013) using the Calib 7.1 software (Stuiver et al., 2017), and cor-
rected for the constant surface reservoir age of 456 * 51 years

obtained from a shell of Turritella leverostoma in Huatulco Bay
(Oaxaca, Mexico; Berger et al., 1966). Ages between control
points were calculated by linear interpolation assuming constant
sedimentation rate between dated levels.

Micropaleontological analyses

A total of 112 samples representing 0.5 cm thick layers were ana-
lyzed every 5cm from core depths 11.0-566.5 cm for micropale-
ontological purposes. A minimum of 300 specimens of BF was
picked and identified from each sample (Phleger, 1954). Of the
total, sediment at two levels (141-141.5 and 556-556.5 cm) was
not available at the time of sampling, nine samples did not con-
tain BF, and 14 samples contained less than 300 specimens (Sup-
plemental Appendix 3). Large samples were fractionated until
obtaining an aliquot of 300 specimens, later considering the



532

The Holocene 31(4)

Age (cal yrs BP)
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

0 R T O Y O Y O O O O IO |

50 —
1.3 mmiyr
100 —

100 cm / 1256 cal yrs BP

150 —
1.3 mmiyr

192.5 cm / 1982 cal yrs BP

[N)

o

o
|

N

a

=]
|

0.8 mm/yr

300 cm / 3332 cal yrs BP

w

o

o
|

1.4 mm/iyr

Depth (cm below sea-floor)
8
o
|

399.5 cm / 4065 cal yrs BP

N

o

]
|

450 —
, 1.1 mmjyr

500 —|

500 cm /
5000 cal yrs BP
550 — Average Sed. Rate: 1.1 mm/yr 0.9 mmiyr

7 556 cm / 5634 cal yrs BP
600 —

Figure 4. Age model of sediment core MD02-2521. Determined
ages are indicated next to their corresponding control points and
calculated sedimentation rates between control points are shown.
The intervals of uncertainty (26 95%) for each calibrated date is
found in Supplemental Appendix 2.

number of splits to calculate the total number of foraminifera per
gram and relative abundances (Supplemental Appendices 3 and 4;
Figures 5 and 6). Total numbers of planktonic foraminifera were
counted in the samples. An Olympus SZ6045 stereomicroscope
and a JEOL JSM-6360LV Scanning Electron Microscope (SEM)
were used for identification and documentation of BF. SEM pic-
tures of the main taxa are shown in Figure 7a.

Additionally, relative abundances of living rose bengal stained
Bolivinella seminuda and Episominella sandiegoensis in superfi-
cial samples from the GT were compiled from previous cam-
paigns (Tehua II and Tehua XII) aboard the RV “El Puma”
including depth and DO levels (Table 1) for data comparison.

Multivariate statistics

In order to assess the evolution of foraminiferal assemblages
throughout the studied period, a multivariate statistical analysis
was performed over the data matrix using the PAST (Paleonto-
logical Statistics, version 3.22) software, specifically designed for
paleontological analyses (Hammer and Harper, 2006). To improve
statistics, the data matrix was simplified by removing rare species
that add noise (see Supplemental Appendix 3 for details on the
simplifying procedure). Finally, 93 samples predominated by
eight taxa (see Figure 6; 9.3% of the total fauna) were included in
the analysis. A Q-mode cluster analysis running the UPGMA
(Unweighted Pair Group Method using Arithmetic averages)
algorithm and Bray-Curtis similarity index were performed to
group samples according to their similarities in foraminiferal
composition (Figure 8a, Hammer et al., 2001; Hammer and
Harper, 2006). Dominance (A=Xp* where p,=n/n or the pro-
portion of species i) and diversity (Simpson: 1-A=1-%p?) indi-
ces were computed using the bootstrap procedure (Hammer

et al., 2001; Hammer and Harper, 2006; Figure 5, Supplemental
Appendix 4). A SIMPER (Similarity Percentage) analysis was
performed for each simplified dataset where all samples were
pooled using the Bray-Curtis similarity (Table 2). The SIMPER
analysis allows for the identification of the taxa responsible for
the observed differences between the obtained groups of samples
(Clarke, 1993). A Principal Component Analysis (PCA) was com-
puted running the variance-covariance matrix to identify the num-
ber of components or environmental factors causing the sample
clustering (Figure 8b, Supplemental Appendix 5).

The data were subjected to linear r (Pearson) correlation anal-
ysis (Hammer and Harper, 2006) to figure out the positive or
negative correspondence between taxa abundance, dominance,
and diversity indices (Supplemental Appendix 6).

Dissolved oxygen

Oxygen values across the water column were compiled from dif-
ferent oceanographic campaigns during the years 2010, 2012, and
2014 aboard the RV “El Puma” in the GT (Figure 1) by a CTD
(Conductivity, Temperature, Depth; model SBE 9 Plus by Seabird
Scientific) device (Table 3, Supplemental Appendix 1). Stations
were chosen according to their proximity to sediment core MD02-
2521 to assess the variability of the local OMZ (Figure 2).

Spectral analysis

In order to find out cyclic patterns in the foraminiferal record,
a time series (spectral) analysis was carried out with the
“Astrochron” R package (version 0.9, Meyers et al., 2019) on the
dominance record. Data were interpolated and detrended before
creating the periodogram.

Results
Dissolved oxygen in the Gulf of Tehuantepec

Column water DO profiles (Supplemental Appendix 1) were
obtained from the three campaigns described in the Material
and Methods section (Table 3, Figures 1 and 2). Maximum val-
ues, ranging from 4.27 to 4.48 ml/1, are followed by a pronounced
fall that culminates in values from 0.03 to 0.05ml/l (Supplemental
Appendix 1) corresponding to the position of their respective oxy-
clines. Dissolved oxygen profiles show that the OMZ upper limit
is ~50-100m depth within the water column, depending on the
position of the thermocline and the season in which oxygen values
were measured (Figure 2, Supplemental Appendix 1). At the end
of the winter season (March), upwelling and high productivity
rates cause water mixing and shallower DO depletion (~50-70m)
in contrast to summer months (June and August) when the lack of
upwelling and warmer waters causes the depletion at larger depth
(~100m; Figure 2). DO profiles measured in June show, in addi-
tion, lower values at the surface that might be caused by higher
precipitation rates, runoff, and temperatures due to the position of
the ITCZ over the GT (Figure 2). Minimum values are maintained
throughout the water column until >800m depth (Figure 2, Sup-
plemental Appendix 1).

Table |I. Compilation of dissolved oxygen (ml/l), depth (m), and relative abundance (%) of B. seminuda and E. sandiegoensis from campaigns

Tehua Il and Tehua XIl in the GT.

Campaign (month/year) Station DO (ml/l) Water depth (m) B. seminuda (%) E. sandiegoensis (%)
Tehua Il October 2004 E-18 0.11 283.0 50.63 -

Tehua Il October 2004 E-32a 0.13 198.0 79.15 -

Tehua XII March 2014 E-03 0.06 743.7 7.72 15.06

Tehua XII March 2014 E-Ol 0.05 747.0 5.42 33.13
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Table 2. Contribution of the main species in each cluster according to the Similarity Percentage (SIMPER) analysis carried out on the 10%
cut-off level matrix.

Taxon Contribution (%) Cumulative (%) Cluster | Cluster 2 Sample 21-21.5
E. sandiegoensis 29.6 29.6 45.4 235 5.8
B. seminuda 21.0 50.6 1.1 26.8 27
T. delicata 12.7 63.4 12.2 29 5.8
B. tenuata 12.1 754 .1 7.6 76.3
E. obesa 8.5 84.0 4.5 10.0 3.1
G. nitidula 6.7 90.1 1.3 5.9 0.0
Epistominella sp. 5.8 96.6 2.1 5.9 0.0
P. bradyana 34 100.0 33 37 0.0
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Figure 5. Records of the calculated benthic foraminifera (BF) and planktonic foraminifera (PF) per gram, the diversity index, the dominance
index, and abundance records of the taxa E. sandiegoensis and B. humilis, represented against the laminations sketch with the corresponding
depth of sediment core MD02-2521 (this study). Samples lacking BF were deleted to improve visualization and comparison between records.
Data from previous studies have been used for comparison: 3'*N (core MEOOO5A) from Thunell and Kepple (2002); titanium (ODP Site
1002) from Haug et al. (2001), the abundance of G. sacculifer (core MD02-2553) from Poore et al. (2004), and C, (core MD02-2520) from
Contreras-Rosales (2008). The succession of blue and orange areas corresponds to cold and warm periods: the Roman Warm Period (RWP),
the Dark Ages Cold Period (DACP), the Medieval Warm Period (MWP), and the Little Ice Age (LIA).
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Table 3. Dissolved oxygen data of the water column in the Gulf of Tehuantepec compiled from campaigns Tehua VIII, Tehua X, and Tehua XII.
Campaign ID, time of sampling, station ID, location, and station depth are displayed.

Campaign month/year Station Latitude (N) Longitude (W) Depth (m)
Tehua VIII August 2010 Trap 15°37.00 95°19.00 7387
Tehua X June 2012 E-03 15°37.43' 95°18.07 876
Tehua XII March 2014 E-03 15°40.42' 95°19.93' 749

Age-depth model, sedimentation rates, and spectral
analysis of sediment core MD02-2521

The age-depth model performed over core MD02-2521 dates the
last level to 5634 cal yrs BP (Supplemental Appendix 2). Accord-
ing to the ages determined for each dated level, a quasi-constant
sedimentation rate is apparent in Figure 4 with an average value
of 1.1 mm/year. This result is consistent with the parallel sedi-
ment core MD02-2520, with an average sedimentation rate of
I mm/year (Blanchet et al., 2012). However, it varies between
dated levels showing the lowest value (0.8 mm/year) between
3332 and 1982cal yrs BP immediately preceded by the highest
rate (l.4mm/year) between 4065 and 3332cal yrs BP
(Supplemental Appendix 2, Figure 4). In accordance with these
sedimentation rates, the average temporal resolution between
samples is 47years (Supplemental Appendix 3). Uncertainties
intervals for each dated level are recorded in Supplemental
Appendix 2. The ~6-m long sediment core MD02-2521 show
well-preserved laminations throughout the entire sedimentary
sequence. However, laminations are not continuous but they
occur in short or longer heterogeneous intervals across the core
(Figure 3).

The periodogram obtained from the spectral analysis
(Asthrochron R package) after interpolation and detrending the
dominance record reveals six main frequencies of 0.000676,
0.000773, 0.001256, 0.001353, 0.003382, and 0.003672year '
corresponding to cycles with periodicities of 1470, 1294, 796,
739, 296, and 272 years, respectively.

Dominance and diversity

The dominance index record reveals two main trends that split the
sedimentary sequence into two parts at around 2591 cal yrs BP
(Figure 5). Larger dominance with maximum values of 0.4—0.6 is
noticeable in the recent part, while the oldest section shows lower
values with maxima reaching 0.2-0.3 (Figure 5). Dominance
maxima correspond to the highest peaks of E. sandiegoensis as
evidenced by a high correlation between these parameters (0.65;
see Figure 5; Supplemental Appendix 6). The diversity index
shows very similar records with opposed peaks to that of domi-
nance (Figure 5) as determined by their strong negative correla-
tion (—1; Supplemental Appendix 6). In this case, minimum
spikes go down from 0.6 to 0.7 along the oldest section, to 0.4-0.6
in the uppermost period (Figure 5). This varying trend at both
sides of the 2500 cal yrs BP point is not as evident in the curves of
BF/gr and PF/gr, although periods with higher numbers of indi-
viduals per gram are noticeable at some points or periods (e.g.,
5691, 5578, 5011-4312, 3708, 2905, and 1499; Figure 5).

Q-mode cluster analysis and resulting benthic
foraminiferal assemblages

The Q-mode cluster analysis performed on the abundance matrix
including species present in samples with 10% abundance in at
least one sample (cophenetic correlation coefficient: 0.73) divides
the 93 samples into two groups of taxa according to their similar-
ity (%) in foraminiferal composition and one spare sample after
applying a cutting line at the similarity level of 0.6 (Figure 8a).

The SIMPER analysis revealed the taxa responsible for the differ-
ence between groups, according to their abundance in each sam-
ple (Table 2). Epistominella sandiegoensis accounts for almost a
third (29.6%) which, together with B. seminuda (21.0%), contrib-
ute around 50% of the total assemblage (Table 2). Cluster 1 is
characterized by the highest contribution of the abundance of E.
sandiegoensis accounting for almost half (45.4%); the rest of the
taxa contribute percentages of <12.2% (Table 2). Cluster 2 is
formed by a similar contribution of B. seminuda (26.8%) and E.
sandiegoensis (23.5%), and low contributions of the other taxa
(=10.0%). Sample 21-21.5 was separated from the clusters due
to its extremely high percentage of Buliminella tenuata (76.3%)
compared to the low contribution of the other taxa (<5.8%).

A thorough discussion about taxonomic and ecological issues
on E. sandiegoensis and B. seminuda contrasting data from recent
(Table 1) and fossil (core MD02-2521) specimens is presented in
the Discussion section.

Principal component analysis

The PCA reveals that 58.76% of the overall variance is expressed
by PC1, which is quite significant when contrasted with PC2 and
PC3 that explain 19.65% and 9.68%, respectively (Supplemental
Appendix 5). The rest of the components do not appear to be sig-
nificant according to the scree plot (Figure 8b). Regarding the
species contributing to each PC, PC1 shows a strong positive con-
tribution of E. sandiegoensis (0.77) followed by Takayanagia
delicata (0.24). In the opposite direction, the strongest influence
is exerted by B. seminuda (—0.55). In PC2, the largest contribu-
tion corresponds to B. tenuata (0.84) opposing E. sandiegoensis
(—0.39) and B. seminuda (—0.27) (Supplemental Appendix 5).

Discussion

Benthic foraminifera within the OMZ in sediment
core MD02-252 I Taxonomic and ecological notes

The total foraminiferal population found in the last 6000 years in
core MDO02-2521is composed of 86 taxa (Supplemental Appendix
3) containing eight taxa (Figure 6) accounting for 9.3% of the
total fauna. The 78 remaining species occur rarely and/or in very
low percentages in the samples without affecting the main out-
come, as statistical analyses demonstrated that results stay identi-
cal by cutting the abundance matrix at the 0.5%, 1%, 3%, 5%, and
10% levels (see Supplemental Appendix 3 for details).

The eight most abundant foraminiferal taxa recovered in sedi-
ment core MD02-2521 have been reported from very poorly oxy-
genated settings. Epistominella sandiegoensis was reported in
environments with DO levels between 0.5 and 3.0 ml/l DO in the
Gulf of California (Douglas and Heitman, 1979; Golik and
Phleger, 1977). Takayanagia delicata was encountered in the
gulfs of California and Panama under different DO concentra-
tions ranging from <0.3 to 2.0ml/l (Bandy, 1961; Blake, 1976;
Douglas and Heitman, 1979; Golik and Phleger, 1977) and it was
present in the Kimki Ridge offshore southern California as low
oxygen species close to the seep area (McGann and Conrad,
2018). From the taxa herein reported, B. tenuata seems to be the
most tolerant species to low DO concentrations since it can endure
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complete anoxia (0.0ml/l, Bernhard et al., 1997; Ohkushi et al.,
2013), although other studies have encountered this species at
more diverse DO levels ranging from 0.05 to 0.8 ml/1 in the Gulf
of California as well (Bernhard et al., 1997; Blake, 1976; Douglas
and Heitman, 1979; Harman, 1964; Quintero and Gardner, 1987;
Paez et al., 2001). Bolivinella seminuda has been reported in vari-
able concentrations along the west coast of North America, from
the Santa Barbara basin to the GT with values ranging from 0.03
to 0.1 ml/l (Bandy, 1961; Bernhard et al., 1997; Harman, 1964;
Pérez-Cruz and Machain-Castillo, 1990; Phleger and Soutar,
1973). Pseudoparrella bradyana was found in the GT under
0.3ml/1 to 0.1ml/l (Pérez-Cruz and Machain-Castillo, 1990;
Vasquez-Bedoya et al., 2008). Regarding Epistominella obesa,

Smith (1964) reported its occurrence in Central America and El
Salvador at 0.4 and 0.3ml/l, respectively, as well as Gyroidina
nitidula, found only in El Salvador at ranges of about 0.3 ml/1.

Epistominella sandiegoensis: taxonomic and ecological notes.
Since E. sandiegoensis is the most abundant species (E. sandie-
goensis-dominance correlation coefficient: 0.65, Supplemental
Appendix 6) in core MD02-2521, it deserves a more detailed
assessment of its biology and oxygen tolerance ranges. Species of
the genus Epistominella have been reported from environments
with different oxygenation levels. While Cannariato et al. (1999)
associated the genus to well-oxygenated environments, species
such as Epistominella exigua have been encountered under
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E. Exigua

Figure 7. (a) Scanning Electron Microscope (SEM) images of the eight most abundant benthic foraminiferal taxa in sediment core MD02-
2521. (1) Epistominella sandiegoensis, (2) Epistominella sp., (3) Bolivinella seminuda, (4) Buliminella tenuata, (5) Takayanagia delicata, (6) Epistominella
obesa, (7) Gyroidina nitidula, and (8) Pseudoparrella bradyana. Scale bar: 100 um. (b) Stereomicroscope images of Epistominella sandiegoensis and

Epistominella exigua.

reducing environments (H,S) within bacterial (Beggiatoa) mats
(Lobegeier and Sen Gupta, 2008) and bathyal hydrocarbon seeps
in the Gulf of Mexico (Sen Gupta et al., 2009). Smith (1964)
considers that E. exigua and E. sandiegoensis are synonyms.
However, despite both taxa do present similar morphological fea-
tures, some differences can be detected from the original species
descriptions (E. sandiegoensis in Uchio, 1960; E. exigua origi-
nally Pulvinulinella exigua in Brady, 1884). The most noticeable
is related to the periphery (lobular for E. exigua, rounded for E.
sandiegoensis), the number of chambers in the last whorl (five in
E. exigua, six in E. sandiegoensis), and the sutures (generally
depressed in E. sandiegoensis while in E. exigua they are
depressed only in the umbilicus area). To make sure of this

determination, well-preserved specimens of each species from
the Gulf of Mexico (SGM9 campaign; for details, see Machain-
Castillo et al., 2019) and the GT (Tehua II) were compared to
each other and our MD02-2521 specimens, detecting the men-
tioned differences amongst both taxa (Figure 7b); therefore we
consider them to be different species.

In terms of ecological requirements, E. sandiegoensis has
been reported in settings with DO levels between 0.5 and 3.0 ml/1
DO in the Gulf of California (Douglas and Heitman, 1979; Golik
and Phleger, 1977). This would put this taxon, amongst the com-
mon low oxygen taxa, within the category of less tolerant to low
oxygen levels, agreeing with Cannariato et al. (1999) about the
genus Epistominella. Living specimens of E. sandiegoensis from
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the Tehua XII campaign at depths around 740m in the GT are
abundant within DO levels of 0.05-0.06 ml/l in contrast to shal-
lower samples (198, 283 m depth) with higher DO levels (0.13,
0.11 ml/1, respectively) where no specimens of E. sandiegoensis
were found (Table 1). These data reveal that this taxon seems to
prefer deeper habitats with low oxygenation in the GT. For these
reasons, in contrast to the values reported in the literature, it
appears that E. sandiegoensis is one of the most tolerant species
to low-oxygen levels in the GT, thus it will be used in this study
as an indicator of such conditions.

Bolivinella seminuda: Taxonomic and ecological notes. In this
study, an initial attempt to separate Bolivinella humilis and B.
seminuda was done. Bolivinella humilis was originally

categorized as a variety of B. seminuda (Bolivina seminuda var.
humilis by Cushman & McCulloch, 1942, according to marine-
species.com). However, the original classification is no longer
accepted, instead, it is considered as a differentiated species under
the name Bolivinella humilis (Cushman & McCulloch, 1942).
This is supported by Smith (1963) who stated that due to the lack
of gradation between both taxa, B. humilis and B. seminuda are
different species. However, the descriptions of the respective taxa
do not show substantial differences in Smith (1963). Despite dif-
ferent morphological attributes were specified (e.g. B. seminuda
is larger and has a subcylindrical cross-section while B. humilis
was described as smaller with oval cross-section), the rest of the
description for B. seminuda is actually true for B. humilis, and
vice versa, according to the images in Smith (1963, Plate 29). On
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the other hand, despite being able to discern amongst slightly dif-
ferent outlines, specimens in sediment core MD02-2521 do not
allow an accurate morphological diagnosis since preservation
does not permit so. In most cases, first chambers are missing, and
assessing subcylindrical or oval cross-section may be too subjec-
tive and little accurate in this case. The rest of the features in the
description (such as clear imperforate areas on all or some of its
chambers, sutures oblique in the periphery, and chambers increas-
ing as added; Smith, 1963) are fulfilled by B. seminuda specimens
in MDO02-2521, thus B. seminuda and specimens resembling B.
humilis were lumped in B. seminuda.

As mentioned above, B. seminuda was found within a large
range of DO (0.03-0.1 ml/) along the Pacific coast from North
America (Bandy, 1961; Bernhard et al., 1997; Harman, 1964;
Phleger and Soutar, 1973; Pérez-Cruz and Machain-Castillo,
1990). This range is very similar to that found in the GT, where
living specimens of this taxon occur in samples from the platform
(283 and 198 m depth) to the slope (743.7 and 747 m depth at DO
levels of 0.11-0.05ml/I; Table 1). However, the abundance of this
taxon, in contrast to that of E. sandiegoensis, seems to decrease
with depth in the GT since relative abundances of up to 50.63%
and 79.15% were found in the platform at DO levels of 0.11 and
0.13ml/l, respectively, while percentages of 7.72 and 5.42%
occur in the slope at DO values of 0.06 and 0.05 ml/l, respectively
(Table 1). For this reason, this study considers B. seminuda less
tolerant to low-oxygen concentrations in the slope of the GT, thus
an indicator of higher oxygen conditions in core MD02-2521.

Bottom-water environment characterization across
the last 6000years in the GT

The predominance of more or less tolerant species to low oxygen
concentrations according to their tolerance ranges, the clusters,
and factors distribution, are assessed in this study to characterize
the bottom water setting in the GT for the last 6 millennia.

Discerning amongst dysoxic (2-0.2ml/l), suboxic (0.2—
0.0ml/l) or anoxic (0.0ml/l) environments (Tyson and Pearson,
1991) throughout the sedimentary sequence considering the rela-
tive (and large) tolerance ranges of DO concentrations of the main
taxa in core MD02-2521 is complex. Laminations occur intermit-
tently across the sediment core without a clear pattern or trend
(Figure 3). A threshold of 0.2ml/l could be figured out along the
sediment core since laminations remain preserved when DO lev-
els drop under 0.2ml/l (Savrda et al., 1984).

From the PCA it is found that most samples are distributed
along PC1 (Figure 8b), suggesting that there is one main environ-
mental variable controlling the occurrence of the different taxa.
Following the SIMPER analysis (Table 2), samples rich in E.
sandiegoensis (highly tolerant to low-oxygen concentrations
within the OMZ in the GT; see taxonomic notes above) spread
over the positive part of the principal component 1 in Figure 8b.
Also, this taxon has the strongest effect (loading: 0.77) on princi-
pal component 1 (Supplemental Appendix 5). It appears, there-
fore, that . sandiegoensis predominates amongst the other seven
most abundant species in core MD02-2521. Samples richer in B.
seminuda (less tolerant to suboxic-anoxic environments; see taxo-
nomic notes above) mixed with similar proportions of E. sandie-
goensis occupy the negative portion (Figure 8b). It is, therefore,
deducible that the bottom oxygen level is the environmental vari-
able that controls either the distribution and/or preservation of the
species along the sedimentary sequence. In accordance with these
results, BF assemblages from the Santa Barbara Basin showed no
relationship with changes of neither OM fluxes nor sedimentary
parameters suggesting that the controlling factor of the benthic
fauna is the variation of bottom oxygen levels (Ohkushi et al.,
2013). Only the sample (21-21.5 to 650cal yrs BP; Figure 8b, in
orange) containing an extremely high amount of B. tenuata
(76.3%, Table 2, Supplemental Appendix 3) is displaced towards

the positive axis of PC2. This taxon can stand anoxia, however, no
extraordinary event that could have caused an anoxic event has
been reported at this time. Well-preserved laminations are
observed at 21-21.5cm (Figure 3), yet these laminations don’t
look different from the rest in the core and no color or textural
change is detected. At the present moment, we do not have an
explanation for this single event.

On the other hand, relative tolerances can be assessed by focus-
ing on the correlation coefficients (Supplemental Appendix 6)
between each taxon and dominance or diversity index. We rely on
the basis that periods of high dominance are associated with
decreases of oxygen levels where most taxa are not able to stand
such conditions, and the opposite should occur in periods of higher
oxygenation (e.g. Den Dulk et al., 2000). Following the previous
statement, positive correlations to the diversity index are shown
for G. nitidula (0.57), Epistominella sp. (0.52), B. seminuda (0.49),
E. obesa (0.37), and a weaker coefficient for P. bradyana (0.21).
On the contrary, E. sandiegoensis shows a positive correlation
with dominance (0.65) as well as B. tenuata (0.37) and, with a
lower coefficient, 7. delicata (0.28), with corresponding negative
correlations to the diversity index (Supplemental Appendix 6).
According to the previous facts, and supporting the living fauna
data from Tehua campaigns (Table 1, see taxonomic and ecologi-
cal notes), we find again that E. sandiegoensis and T. delicata indi-
cate lower oxygen conditions in the slope of the GT in contrast to
G. nitidula, B. seminuda, and Epistominella sp., which appear to
be more abundant in periods of better oxygenation.

An interesting observation is the occurrence of samples with
no sign of both benthic nor planktonic foraminifera at 5634, 4039,
3818, 3593, 3282, 3030, 2717-2591, 1578, and 1110cal yrs BP
(Figures 5 and 6, Supplemental Appendices 3 and 4). These sam-
ples were inspected in order to find out more hints for the lack of
foraminifera. The distinctive feature of those samples missing
benthic and planktonic foraminifera is the presence of (large)
fragments of gypsum and/or pyrite (only in two samples). Precipi-
tation of gypsum is caused by sulfide oxidation reactions under
low oxygen conditions (Blanchet et al., 2012; Schnitker et al.,
1980; Self-Trail and Seefelt, 2005). These reactions may cause
the environment to turn more acidic, which can trigger the disso-
lution of biogenic carbonates (Schnitker et al., 1980). The pres-
ence of large fragments of gypsum in samples without foraminifera
is, consequently, a likely cause for the dissolution of their tests.
Likewise, the presence (although scarcer than gypsum) of pyrite
in framboidal form (packed spherical aggregates of pyrite crys-
tals, Wilkin et al., 1996) is also a sign of high levels of anoxia and
a chemocline positioned at the water-sediment surface favoring
the dissolution of calcite (Tribovillard et al., 2006), which adds
another probable cause for the disappearance of benthic and
planktonic foraminifera at the above-mentioned levels. Intense
dissolution associated with near anoxic conditions is supported by
Ontiveros-Cuadras et al. (2019), who found high molybdenum
and uranium (redox-sensitive trace elements) where foraminifera
were absent. Upwelling and resulting high production rates con-
tribute to fluctuations of carbonate saturation in oxygen-poor
habitats that in turn produce changes in foraminiferal calcite
(Gibson et al., 2016). It has been proved that in the Eastern Tropi-
cal North Pacific (ETNP), seawater pH decreases after the Tehu-
ano-induced upwelling (e.g. Chapa-Balcorta et al., 2015; Feely
et al., 2008; Rixten et al., 2012). Upwelling acidic waters in the
GT imply a related reason for the dissolution of carbonates in core
MD02-2521 and, definitely, all these factors may be favoring the
dissolution of foraminiferal carbonate tests.

Change of bottom-water oceanography at
~2500years

The distribution of the foraminiferal assemblages across the
last ~6000 years determines the distribution of clusters (groups
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of samples with similar foraminiferal composition) across the
sediment core pointing to a changing bottom environment
oxygenation.

According to the SIMPER analysis, E. sandiegoensis and B.
seminuda are the two more influential species in core MD02-
2521 (Table 2). Since E. sandiegoensis is one of the less tolerant
species to oxygen depletion compared to B. seminuda, DO rela-
tive fluctuations may be well characterized by overlapping their
curves of relative abundance (Figure 5). In general terms, a
replacement between maximum and minimum occurrences of
both species is found during the interval 5407-2591 cal yrs BP.
(Figure 5). Later on, from 2591 cal yrs BP to the top, both curves
suffer a detachment observing a notable increasing abundance of
E. sandiegoensis in contrast to a decline of B. seminuda, thus
the previous replacement between both taxa do not exist any-
more. The antagonistic behavior of the two species is in turn cor-
roborated by their corresponding opposite values along the
principal component 1 axis (Figure 8b, Supplemental Appendix
5). The split-up of the abundance curves and next dominance of
E. sandiegoensis suggest a declination of the bottom oxygen con-
ditions in the recent 2591-573 cal yrs BP.

The rest of the species, still being less influential within the
total assemblage (see Table 2), supports the previous finding. The
positive correlation between E. sandiegoensis and T. delicata is
noticeable in Figure 6 with a similar distribution trend that sup-
ports a general decline of bottom water ventilation from 2591 cal
yrs BP. On the other hand, G. nitidula, Epistominella sp., as well
as P. bradyana, and, less perceptibly, E. obesa, are more abundant
towards the bottom of the sedimentary sequence (Figure 6) sug-
gesting improved oxygen conditions before 2591 cal yrs BP.

The change of bottom water conditions suggested by our BF is
reinforced by a prominent 8'’N minimum at around 2700 years
BP reported from the sediment core ME 0005A in the GT (Thunell
and Kepple, 2002; Figure 5). Intense denitrification around 2500
cal yrs BP by 8'°N minima has been found in MD02-2520
(Pichevin et al., 2010), located in the GT, as well as in Ocean
Drilling Program (ODP) Site 1242 in the Central American
Pacific (Robinson et al., 2009). Causes of denitrification have
been attributed to variations in biogeochemical cycles and ocean-
ographic dynamics due to climatic variations such as cold-warm
alternations and local changes of upwelling intensity (Pichevin
et al., 2010; Robinson et al., 2009; Thunell and Kepple, 2002). If
denitrification takes place when DO concentrations fall to values
under 0.2ml/l (Naqvi and Jayakumar, 2000), the lack of BF from
2717 to 2591 may be probably related to a strong fall of DO and
intense denitrification in this area marking a tipping point between
2700 and 2500 years toward diminished oxygenation.

Climatic implications

The late-Holocene has been generally assumed as a rather cli-
matically stable epoch when comparing it with glacial-intergla-
cial times or previous periods of abrupt climate changes
(Dansgaard et al., 1993). However, some authors (e.g. DeMeno-
cal and Bond, 1997; Mayewski et al., 2004) reported climate vari-
ability and abrupt changes during the Holocene from globally
distributed terrestrial, marine, and ice records which are likely
driven by changes of solar irradiance (Denton and Karlen, 1973).
In the ETNP, some studies have tried to figure out the climatic and
oceanographic mechanisms driving biogeochemical variations in
surface and bottom waters during the Quaternary and effects on
the seafloor ecosystems (e.g. Ganeshram et al., 2000; Moffitt
et al., 2014, 2015; Nameroff et al., 2004; Pichevin et al., 2010;
Praetorius et al., 2015; Schmittner et al., 2007). However, only a
few studies put attention on the GT, so the drivers of bottom oxy-
gen variations in this area remain unclear. In this section, informa-
tion on governing climatic and oceanographic processes affecting

ventilation in the ETNP and GT will be gathered from previous
work, and finally, the most probable scenario for the GT accord-
ing to our micropaleontological data will be proposed.

Climate drivers in the Eastern Tropical North Pacific. Regionally,
the mechanisms governing the climate of the ETNP are reported
to be driven by solar irradiance, which promotes atmospheric
dynamics at decadal-centennial scales such as the North Ameri-
can Monsoon (NAM) and the migration of the ITCZ (e.g., Chou-
miline et al., 2019; Poore et al., 2004). So, when there is maximum
solar irradiance over the ETNP, such as during summer months,
the ITCZ is situated over the GT carrying atmospheric moisture
that intensifies the NAM and weakens winds and upwelling, as
well as productivity rates (Barron et al., 2012; Haug et al., 2001;
Pérez-Cruz, 2013). The opposite happens when the ITCZ migrates
to the south over equatorial latitudes (Utida et al., 2019). From a
paleontological point of view, studies on both the Atlantic and
Pacific sides (e.g., Haug et al., 2001; Pérez-Cruz, 2013; Poore
et al., 2004) have reported that the overall position of the ITCZ
has experienced a southward migration during the late-Holocene.
Low values of titanium from ~2500 years towards the recent indi-
cates diminished precipitation rates in the Cariaco Basin (ODP
Site 1002) related to a southerly movement of the ITCZ (Haug
et al., 2001; Figure 5). At the same time, in the Gulf of Mexico
(core MD02-2553) the relative abundance of Giroidinoides sac-
culifer suffers a decline from ~3000 years related to a relocation
of the ITCZ over lower latitudes (Poore et al., 2004; Figure 5).
This gradual southward path of the ITCZ would implicate more
intense trade-winds over the GT, with consequent intensified
upwelling and larger productivity rates that would be well
reflected in this study by the decreasing (increasing) trend of fora-
miniferal diversity (dominance) from 2500 years (Figure 5) and
the increase (decrease) of taxa indicative of low (high) oxygen
conditions E. sandiegoensis and T. delicata (B. seminuda, G. niti-
dula, Epistominella sp.; Figure 6). Lower oxygenation is sup-
ported by larger organic carbon accumulation rates from sediment
core MD02-2520 (Contreras-Rosales, 2008), next to MD02-2521,
observed from 3000cal yrs BP with a substantial increase from
1500 to 500 cal yrs BP (Figure 5).

Oceanographic drivers of bottom-water oxygenation in the Eastern
Tropical North Pacific. Variations of export productivity and deni-
trification can be a reliable indicator of relative changes of bottom
oxygen levels in the GT, which in turn might be related to the
transitions between cold and warm stages in Greenland. Accord-
ing to Ganeshram et al. (2000), lower denitrification during gla-
cial periods in the ETNP occurred due to low upwelling and low
export productivity flux through the OMZ. Accordingly, Dans-
gaard-Oeschger (D-O) stadials in the North Atlantic are associ-
ated with reduced delivery of nutrients to the Pacific and Indian
Oceans that reduce productivity in both areas (Schmittner et al.,
2007). This is supported by proxy data from Santa Barbara Basin
sediments in which enhanced oxygenation associated with
increased intermediate-water circulation and lower surface tem-
peratures were found during Atlantic cold D-O phases (Behl and
Kennet, 1996). More locally in the GT, it appears that during
interstadial periods, subsurface ventilation became poorer, aiding
the development of the OMZ and denitrification (Hendy and Ped-
ersen, 2006; Thunell and Kepple, 2002). Similarly, Pichevin et al.
(2010) reported the lowest 8'°N levels in the GT during D-O sta-
dials and opposite effects during interstadials. Further south, in
the Nicaragua Basin, the 8'°N record seems to be more related to
the northward advection of heavy nitrate produced in Chile and
Peru rather than due to local processes (Pichevin et al., 2010),
thus reflecting an anti-northern or Southern signal. The authors
suggest that bottom water ventilation in the GT might be partially
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affected by this cross-equatorial advection of heavy nitrate from
the Southern Hemisphere, likely explaining the offset (a few hun-
dred to a thousand years) between Greenland events and oceanog-
raphy in the GT, thus showing a combined signal between local/
regional processes from both Hemispheres. However, caution
must be exerted since these cross-equatorial water-mass exchange
mechanisms seem not to be well understood (Kessler, 2006), and
forcing mechanisms during glacial periods may not work in the
same way or with the same intensity in the late-Holocene. Never-
theless, this oceanographic response in the ETNP and the GT dur-
ing glacial/stadials and interglacial/interstadials will be considered
later in this study.

In the Holocene, Bond Cycles, with a periodicity of
1470 = 500 years, have been reported as the most prominent mani-
festations of Holocene climate variability in the North Atlantic
(Bond et al., 1997; 2001; Wanner and Biitikofer, 2008). Bond events
are defined as ice-rafting discharges into lower latitudes in the North
Atlantic Ocean that mark climate fluctuations (Bond et al., 1997,
2001; Wanner and Biitikofer, 2008). Melting of ice at lower latitudes
causes the freshening of the ocean surface. As a consequence,
NADW is shallower and less dense (Bond and Lotti, 1995; Bond
et al., 2001; Lehmann and Keigwin, 1992). In general terms, this
newly formed water may take between 900 and 1000years within
the pathway of the Thermohaline Circulation (THC) until it reaches
the ETNP, already as North Pacific Intermediate Water (NPIW;
Hendy and Kennet, 2003; Primeau, 2004). Further back in time,
Atlantic cold periods such as D-O cold phases and Heinrich events
were able to cause such changes in the North Pacific after modifica-
tion of the NADW formation (Alley and Clark, 1999). In this study,
the response of BF to climate oscillations seems to follow a cyclic
pattern, as evidenced by the diversity indices (Figure 5). The domi-
nance record was decomposed by spectral analysis to reveal the
main cyclic periods governing the almost 6 millennia record of sedi-
ment core MD02-2521. The most powerful cycle has a frequency of
0.000676 years !, resulting in a period of 1470years. Due to the
similar periodicity of Bond cycles, we suspect that BF of this study
might be responding to Bond events, as this periodicity is observ-
able in the time span between two maxima (minima) of the domi-
nance (diversity) record (Figure 5), especially during the last
2500 years.

Last 2500years. The last 2.5 millennia have been marked by the
succession of warm and cold climate phases marked by the
Roman Warm Period (RWP; ~2500 to ~1700yrs BP), Dark Ages
Cold Period (DACP; ~1700 to ~1400yrs BP), Medieval Warm
Period (MWP; ~1400 to ~700yrs BP), and the Little Ice Age
(LIA; ~750 to ~550yrs BP) (e.g., Helama et al., 2017; Lamb,
1965; Ljungqvist, 2010; Mann et al., 2009). Although these
events have been considered of global scope, there is a general
bias in placing their origin and effects over Europe and North
America. In this respect, Neukom et al. (2019) confirm that there
is no coherent synchronicity ubiquitously, besides no consensus
may exist about their temporal extent (e.g., Helama et al., 2017;
Lamb, 1965; Ljungqvist, 2010; Matthews and Briffa, 2005). In
this study, the BF populations appear to experience changes syn-
chronously with the previously defined warm-cold transitions of
the Late-Holocene (Figure 5). Hence an overall decrease
(increase) of diversity (dominance) is observed during the warm
epochs such as the RWP and the MWP. The opposite is noticed
during the cold DACP, although a change parallel to the LIA is
not as evident since our record ends where the LIA is presumably
about to start (Figures 5 and 6). Larger amounts of BF and PF per
gram of core MD02-2521 are noticeable during the DACP in
contrast to the warm periods (Figure 5), which is visible in the
planktonic G. sacculiffer record from the Gulf of Mexico as well
(Poore et al., 2004; Figure 5). Similarly, larger amounts of plank-
tonic foraminifera per gram are found during glacial periods in

the GT (Arellano-Torres et al., 2013), as well as in the Santa
Barbara Basin, where higher diversity and species number was
reported during cooler intervals by Ohkushi et al. (2013). This
suggests a consistent effect of climatic variations on benthic hab-
itats along the Eastern Pacific since cold periods may lower sea
surface temperatures, promoting mixing of water masses, oxy-
genation, and absence of upwelling which could be the reason for
the occurrence of larger amounts of benthic and planktonic fora-
minifera and greater diversity (Arellano-Torres et al., 2013; Fig-
ure 5). Larger amplitudes in the diversity records during the
MWP could reflect the larger variability of precipitation reported
by Haug et al. (2001) deducted by larger amplitudes in the tita-
nium record (Figure 5) due to the relative positions of the ITCZ.
Moreover, Pichevin et al. (2010) reported maximum denitrifica-
tion levels in the GT during warm episodes also related to inten-
sified upwelling and lower oxygenation. Since denitrification
causes carbonate dissolution, it is reasonable to find a lower
abundance of benthic and planktonic foraminifera, as well as
lower diversity during the RWP and MWP in this study (Figure
5).

Conclusive remarks on Late-Holocene climate in the GT. Despite
Bond cycles were defined from cooling events represented by
higher concentrations of ice-rafted debris in the North Atlantic
Ocean (Bond et al., 2001), the same millennial-scale variability
has been noted in the Pacific side (Southern California) reflected
in changes of the position of the thermocline induced by wind,
linked to the North Atlantic cooling events (Behl and Kennett,
1996). Cold-warm stages of the Holocene are much less intense
in contrast to previous epochs (e.g. Last Glacial Maximum, D-O
stadials and interstadials, Heinrich events). For this reason, we
suspect that the effect of ice-rafting toward low latitudes during
Bond events and shallower reach of NADW may not exert such
intense impact in the THC water mass exchange and biogeo-
chemical processes once it arrives at the GT, already converted
into NPIW (Hendy and Kennet, 2003; Primeau, 2004). Thus it
seems more probable that Greenland climate variations in the
late-Holocene have a greater impact in the GT via atmospheric
link and this study provides new fossil evidence of millennial
variability in the ETNP occurring synchronously as in the North
Atlantic, suggesting a climatic connection between the Atlantic
and Pacific oceans as it was reported in Pérez-Cruz (2013) as
well. On one hand, these connections would be evidenced via
atmosphere by a general decrease of ventilation from 2500 years
toward the recent due to the southward migration of the ITCZ.
On the other hand, this would be a likely explanation of little or
no apparent time lag between Greenland and GT as seen during
the RWP, DACP, and MWP in core MD02-2521.

Finally, this study may serve as a starting point for future
research with a larger array of proxies and tracers at a higher reso-
lution to find out more robust evidences and refine the mecha-
nisms that drive bottom water ventilation in this area.

Conclusion

The present study provides the first ~ 6 millennia reconstruction
of bottom-water environmental conditions in the Gulf of Tehuan-
tepec (GT) using sediment core MD02-2521. The distribution of
benthic foraminiferal taxa encountered throughout the past
6000 years responds to changing levels of bottom dissolved oxy-
gen (DO) within the Oxygen Minimum Zone. After reassessing
the taxonomy and ecology of the main taxa of MD02-2521, two
assemblages, defined by a Q-mode cluster analysis, determine the
main oxygenation changes across the sedimentary sequence as
follows. Epistominella sandiegoensis, T. delicata, and B. tenuata,
indicators of low oxygenation in the GT, experience abundance
increase from ~2500 years in contrast to the decreasing trends of
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the higher oxygen level indicators B. seminuda, G. nitidula, Epis-
tominella sp., E. obesa, and P. bradyana. A Principal Component
Analysis confirms the distribution of these two assemblages
along the principal component 1, representing the DO level as the
main environmental factor to which foraminifera respond. The
change of oceanographic conditions at 2500 years is likely linked
to an intense denitrification event and the beginning of southward
migration of the Intertropical Convergence Zone in the late-Holo-
cene. In addition, sediment core layers without benthic and plank-
tonic foraminifera contain a larger amount of gypsum and, in
some cases, framboidal pyrite, revealing periods of intense sub-
oxia and carbonate dissolution along the last 6000 years.

The dominance index shows cyclicities of 1470years that
might be related to Bond Cycles, defined as ice-rafted events in
the North Atlantic Ocean. Additionally, lower diversity, higher
dominance, and a larger amount of foraminifera are found during
warm periods (Roman Warm Period and Medieval Warm Period),
while the opposite happens during the cold epochs (Dark Ages
Cold Period and Little Ice Age). Benthic foraminiferal assem-
blages of sediment core MD02-2521 provide a first approach of
likely climatic and oceanographic mechanisms prevailing in the
GT during the late-Holocene, as well as evidence of climatic con-
nections between the Atlantic and Pacific Oceans.
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