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ABSTRACT
The Térapa fossil vertebrate site, northcentral Sonora, Mexico,
provides a rare opportunity to study the paleoenvironmental conditions
present in northwestern Mexico during mid-Oxygen Isotope Stage
(OIS) 3. Ostracode faunal assemblages and stable oxygen (δ18O) and
stable carbon (δ13C) isotope values from ostracode calcite were used
to reconstruct the seasonality of precipitation and vegetation cover
at Térapa at 40–43 ka. The ostracode fauna was a non-analogue mix
of temperate and tropical ostracode species composed of 13 species
from 12 genera. The nearctic ostracodes Fabaeformiscandona caudata,
Physocypria pustulosa, Cypridopsis vidua and the cosmopolitan
ostracode Darwinula stevensoni dominate the assemblage. Two
tropical ostracode genera, Chlamydotheca arcuata and Stenocypris sp.,
were present throughout the deposit and indicate that mean monthly
summer temperatures were probably no more than 4°C to 6°C cooler
than at present, based on available ecological information. Winter
precipitation dominated the hydrologic cycle as evidenced by low
ostracode δ18O values (-6‰ to -8‰ VPDB). Low ostracode δ13C values
(-7‰ to -8‰ VPDB) suggest that local vegetation was dominated
by C3 plants. A previous tooth enamel-based paleoenvironmental
reconstruction at the same site favored a summer-dominated or
evaporative hydrology and abundant C4 vegetation. The Térapa
megafauna site exemplifies the need for multi-indicator paleoclimate
reconstructions in desert environments where marked differences in
the seasonality of precipitation and vegetation cover may occur.
Key words: Sonora; OIS 3; paleoenvironment; ostracode; stable
isotopes.
RESUMEN
El sitio de vertebrados fósiles Térapa, en el norte central de Sonora,
México, ofrece una rara oportunidad de estudiar las condiciones paleoambientales presentes en el noroeste de México durante la etapa isotópica de
oxígeno (OIS) 3. Ensambles de fauna de ostrácodos y valores isotópicos
de oxígeno estable (δ18O) y valores isotópicos de carbono estable (δ13C)
de calcita en ostrácodos fueron utilizados para reconstruir la estacionalidad de la precipitación y cobertura vegetal en Térapa a los 40–43 ka.

La fauna de ostrácodos fue una mezcla de diferentes especies templadas
y tropicales de ostrácodos compuestas de 13 especies de 12 géneros.
Los ostrácodos neárticos Fabaeformiscandona caudata, Physocypria
pustulosa, Cypridopsis vidua y la ostrácoda cosmopolita Darwinula
stevensoni dominan el ensamble. Dos géneros de ostrácodos tropicales,
Chlamydotheca arcuata y Stenocypris sp., estuvieron presentes durante el
depósito indicando que las temperaturas promedio mensuales en verano
probablemente no eran menores de 4°C a 6°C que en la actualidad, con
base en información ecológica disponible. Las precipitaciones de invierno
dominaron el ciclo hidrológico como lo demuestran los valores δ18O bajos
(-6‰ to -8‰ VPDB) en ostrácodos. Los valores δ13C bajos (-7‰ to -8‰
VPDB) en ostrácodos sugieren que la vegetación local estaba dominada
por plantas C3. Una reconstrucción paleoambiental previa basada en
esmalte de dientes en el mismo sitio favoreció una hidrología veranodominada o de caracter evaporatorio y una abundante vegetación C4. El
sitio de megafauna Térapa ejemplifica la necesidad de reconstruccionesa
partir de varios indicadores paleoclimáticos en ambientes desérticos
donde pueden ocurrir diferencias marcadas en las temporadas de precipitación y cobertura vegetal.
Palabras clave: Sonora; OIS 3; paleoambiente; ostrácodo; isótopos
estables.
INTRODUCTION
Absolutely dated vertebrate fossils sites that provide late Pleistocene
paleoenvironmental information for northern Mexico are rare, and
their distribution is highly fragmentary (Metcalfe et al., 2000; ArroyoCabrales et al., 2010; Ferrusquía-Villafranca et al., 2010). The majority
of such sites are located in the central and southern parts of the country
and the resulting paleoenvironmental information displays a similar
geographic bias (Ferrusquía-Villafranca et al., 2010). Late Pleistocene
fossil sites from Sonora only comprise about 2% of all known Mexican
localities (Arroyo-Cabrales et al., 2002; Ferrusquía-Villafranca et al.,
2010). The Térapa fossil vertebrate site, located in northcentral Sonora,
Mexico, near the towns of San Clemente de Térapa and El Llano (hereafter Térapa; Figure 1), contains an exceptional and extensive array of
Late Pleistocene aquatic and terrestrial faunal remains (Mead et al.,
2006, 2007; Hodnett et al., 2009; Steadman and Mead, 2010; Oswald
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and Steadman, 2011; Czaplewski et al., 2015) preserved in an 11 m
thick deposit of marsh and fluvial sediments that has been absolutely
dated to 40–43 ka, or to mid Oxygen Isotope Stage (OIS) 3 (Bright et
al., 2010). Notably, the Térapa vertebrate fauna is a non-analogue fauna;
several of the fossil vertebrates are from more temperate animals (e.g.,
mammoth, bison) while others are extinct or have tropical affinities
and are no longer found in the area today (e.g., crocodile, capybara,
glyptodont; Mead et al., 2006; Ceballos et al., 2010).
A preliminary ostracode faunal assemblage for Térapa was reported in Mead et al. (2006). This study expands on those results
by reporting several additional ostracode species, and reconstructs
in greater detail the paleoenvironment at Térapa through the use of
the ostracode assemblage and stable isotope (δ18O and δ13C) analysis
of ostracode valve calcite. The ostracode δ18O values provide insight
into the seasonality of peak surface discharge, assuming that the water
temperature at the time of calcification can be reasonably estimated.
The ostracode δ13C values can provide insight into the vegetation
community growing around the site because respired CO2 from plant
roots contributed to the dissolved inorganic pool of the streams and
wetland that deposited the Térapa sediments. In 2010, Nunez et al.
published a paleoenvironmental interpretation for Térapa that was
based on δ18O and δ13C values from herbivore teeth recovered from
throughout the same deposit. The enamel δ18O values were very high
and the enamel δ13C values suggested that a strong C4 plant community was present. Our ostracode δ18O and δ13C data provide an
excellent opportunity to compare paleoenvironmental interpretations
for a single deposit that are derived from two very different and commonly used archives – aquatic ostracode calcite and terrestrial tooth
enamel. To our knowledge, this is the first time such a comparison
has been attempted. We demonstrate that seasonality of precipitation and ecologic variables must be considered when reconstructing
paleohydrology from different stable isotopic archives, especially in
environments that experience marked differences in the seasonality of
precipitation and vegetation cover. Our results provide an important,
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Figure 1. Illustration showing the location of Térapa,
Sonora, Mexico (large black star) in relation to Lake Yeso
(black square), to the southwestern U.S., and to northwestern Mexico. Small black stars are locations of climate
records that extend to OIS 3. 1- Laguna Babicora; 2- Fort
Stanton; 3- Lake Otero; 4- Murray Springs; 5- Cave of
the Bells; 6- San Felipe; 7- Diamond Valley; 8- Baldwin
Lake; 9- Harper Lake and Lake Manix, 10- Valley Wells;
11- Devils Hole. Figure modified from Bright et al. (2010).

albeit brief, absolutely dated record of paleoenvironmental conditions
in northeastern Sonora at a time when biotic communities and their
associated environmental gradients were considerably different than
today.
SITE DESCRIPTION AND BACKGROUND
The town of Térapa (29°41’ N; 109°39’ W; Figure 1) is located
in the Moctezuma River valley, in the northwestern portion of the
Sierra Madre Occidental, at an elevation of 605 meters above sea level
(m a.s.l.). The vegetation community at Térapa is classified as foothills
thorn-scrub (Van Devender et al., 1997; Martin et al., 1998). Oak and
oak-pine woodlands dominate at higher elevations (> 1,400 m a.s.l.)
and the vegetation below about 600 m a.s.l. is classified as Sonoran
Desert (Búrquez et al., 1992; Orvis, 1998).
The Moctezuma Valley is located between the Oposura Mountains
(max. elevation ~ 1,800) to the west and the Sierra La Madera (max.
elevation ~ 2,300 m a.s.l.) and another lower (max. elevation ~ 1,800
m a.s.l.) unnamed range to the east (Figure 2). The local geology
consists of Lower Cretaceous fossiliferous limestone, granites, Eocene
to Miocene-aged ignimbrites, Miocene and Pliocene-aged basin fill,
and Quaternary-aged basalts of the Moctezuma Volcanic Field (PazMoreno et al., 2003).
The mean annual temperature (MAT) and mean annual precipitation (MAP) at Térapa are approximately 22°C and 58 cm·yr-1,
respectively (Figure 3). Average minimum monthly temperatures do
not fall below 4°C and average maximum monthly temperatures approach 40°C in the summer (Figure 3). Monsoon rainfall during just
two months (July-August) accounts for nearly 50% of the total annual
precipitation (Figure 3). Winter precipitation is derived from Pacific
storms that pass over the area as the polar jet stream and the associated
storm track shift southward during the winter (Magaña et al., 2003;
Nicholas and Battisti, 2008).
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The δ18O value (VSMOW) of precipitation at Térapa is not monitored, but modeled values range from about -12‰ in the winter to -6‰
in the summer, with an average annual value of -7 ± 2‰ (Bowen, 2014;
Figure 3). In contrast to modeled values, limited seasonal precipitation collections (2003-2004) at two stations within 50 km of Térapa
(Figure 1) produced average δ18O values for winter (November-May)
and summer (June-October) precipitation that were -7 ± 1‰ and
-3 ± 2‰, respectively (n = 4; Figure 3; C. Eastoe, unpublished data).
The winter precipitation δ18O value falls near the modeled value, but
the summer precipitation δ18O value is much higher. The δ18O value
of summer and winter precipitation in the southwestern U.S. varies
by several per mille from year to year (Wright et al., 2001; Eastoe
and Dettman, 2016). This variability likely explains the discrepancy
between the modeled δ18O value for summer precipitation and the
limited seasonal measurements near Térapa (Figure 3).
The fossiliferous sedimentary sequence at Térapa was deposited
in a roughly 1 km × 2 km-wide basin along the eastern edge of the
Tonibabi lava flow (Figure 2). The basin was created when the Tonibabi
lava flow spilled southward from its vent and down the Río Moctezuma
Valley (Figure 2). The Tonibabi lava flow blocked and altered the course
of the Río Moctezuma and many small tributaries. The blocking of
these tributaries caused water and sediments to be impounded along
the edges of the flow (Mead et al., 2006).
The source of the water and sediments that inundated the Térapa
basin has not been conclusively identified (Mead et al., 2006). Given
the overall fine grain size of the sediments and the orientation of the

modern stream network, the water and sediments were most likely
derived from several small washes that are sourced from small catchments in the eastern highlands (Figure 2; Mead et al., 2006). The basin
at Térapa was two orders of magnitude smaller than its upstream
source area, making it sensitive to changes in effective moisture in the
eastern mountains.
The sedimentology and age of the Térapa fossil deposit is covered
in detail in Mead et al. (2006) and Bright et al. (2010). Briefly, the entire sediment package is about 11 m thick (Figure 4). The basal 0.5 m
of sediment (units As1 and As2) is comprised of coarse-grained sands
that are deposited directly on the Tonibabi lava. Unit As2 is overlain by
about 1.5 m of silty clay (Unit Ac). A well-sorted wedge of sand (Unit
As3) occurs within Unit Ac. The basal A-series sediments are overlain
by roughly 1.5–2 m of blocky fossiliferous clays (Unit Bp1), which are
in turn overlain by about 4 m of faintly bedded sandy silt (Unit Bc). A
fairly prominent oxidized sorted sand occurs near the top of Unit Bc,
which here is denoted Bc-s (“s” for sand). Unit Bc is overlain by another
blocky fossiliferous unit that is about 1.5 m thick (Unit Bp2). Coarse
pebble-armored stream channel deposits are formed into Unit Bp2
(Figure 4). Abruptly on top of both Unit Bp2 and the Tonibabi basalt
are 2 to 4 m of coarse cobbles and sands of Unit C. Unit C likely represents coarse alluvial valley fill that spread across the valley floor after
the Térapa basin was completely filled in with sediment. The Térapa
locality has been dated, using multiple geochronological techniques,
to about 40–43 ka, or to mid-marine Oxygen Isotope Stage (OIS) 3
(Bright et al., 2010).
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Figure 2. Satellite image of Térapa, Sonora, Mexico (white star) and its location in relation to the town of Moctezuma (white square), the Río Moctezuma,
the Tonibabi lava flow and its vent (white circle), the Moctezuma Volcanic Field, and the surrounding highlands. Image modified from Google Earth.
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METHODS
Ostracode faunal analysis
Thirty four sediment samples from Térapa were analyzed for their
ostracode faunas. Each sediment sample was placed in relative position within the master stratigraphic column of Mead et al. (2006). The
majority of the sediment samples (n = 26) were processed at Northern
Arizona University’s Amino Acid Geochronology Laboratory using a
modified version of Forester (1988). Sediments were disaggregated in
a weak (3 gm·L-1) solution of sodium hexametaphosphate and sodium
bicarbonate instead of Calgon®. The sediment solutions were washed
over 150 µm sieves using hot deionized water. All residues were rinsed
with deionized water and then air-dried. Northern Arizona University’s
Laboratory of Paleontology provided eight samples of hand-picked
ostracode valves that were collected during their screen washing
process (> 300 µm). The larger screen size means these samples were
biased towards larger ostracode valves and species. Ostracode species
were tabulated as presence-absence data, rather than individual valve
counts. While individual valve counts and percent data are preferred
for paleoenvironmental reconstructions, presence-absence data have
been shown to be equally reliable (Muller et al., 2002) and will suffice
for the purpose of this paper. Ostracode species were identified to
genus, and where possible, species level based on drawings and images
in Gutentag and Benson (1962), Meisch (2000), Delorme (1970a, b, c,
d; 1971), Smith and Delorme (2010), and Ferguson (1967). The genus
Stenocypris was identified by R. Forester (USGS, deceased).
δ18O and δ13C analysis of ostracode valve calcite
Whole, adult valves from fossil Fabaeformiscandona caudata,
Ilyocypris bradyi, and Eucypris meadensis were manually picked from
residues where they were most abundant and best preserved. These
three species were selected because of their affinity for flowing water
(e.g., Curry, 1999; Quade et al., 2003), which minimizes the effect of
evaporation. The valves were cleaned by manual brushing with a fine
paintbrush followed by gentle sonication and thorough rinsing using
distilled water. The F. caudata and I. bradyi valves were sub-sampled
into aliquots containing up to 4 valves (n = 37). The E. meadensis valves
were large enough to be analyzed individually (n = 2). The δ18O and
δ13C values of the ostracode valves were measured using an automated
KIEL-III carbonate preparation device coupled to a Finnigan MAT 252
gas-ratio mass spectrometer. The samples were reacted with dehydrated
phosphoric acid under vacuum at 70°C. The isotope ratio measurement is calibrated based on repeated measurements of NBS-18 and
NBS-19 standards. The stable isotope results are reported in standard
delta (δ) notation where: δ‰ = [(Rsample/Rstd)-1] × 103; and R = ratio of
18
O/16O or 13C/12C. Rstd refers to the standard Vienna Peedee belemnite
(VPDB). Precision for δ18O and δ13C measurements are ±0.1‰ and
±0.08‰, respectively.
RESULTS
Ostracode fauna
The fossil ostracode fauna at Térapa currently consists of 13 species
from 12 genera (Table 1). The nearctic ostracodes Fabaeformiscandona
caudata, Physocypria pustulosa, Cypridopsis vidua, and the cosmopolitan ostracode Darwinula stevensoni (Figure 5) were encountered most
frequently (Table 1). Pelocypris cf. tuberculatum, Cypridopsis okeechobei,
Chlamydotheca arcuata, Limnocythere paraornata, and Heterocypris
incongruens (Figure 5) are species not previously reported in Mead
et al. (2006). The ostracode fauna is generally similar and consistent
throughout the deposit (Table 1).
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δ18O and δ13C values from ostracode valve calcite
The δ18OOST and δ13COST values (VPDB) range from about -4‰ to
-8‰ and from about-1‰ to -9‰, respectively (Figures 4 and 6; Table
2). With the exception of 2 outliers, Ilyocypris bradyi valves have the
lowest δ18O and δ13C values (Figures 4 and 6; Table 2). The average
δ18O and δ13C values from I. bradyi valves are -8 ± 0‰ and -8 ± 1‰,
respectively (n = 12). The average δ18O and δ13C values from F. caudata valves are -6 ± 1‰ and -4 ± 2‰, respectively (n = 25). The two
E. meadensis valves produced δ18O and δ13C values of about -8‰ and
-6‰, respectively (Figures 4 and 6; Table 2). The δ18OOST and δ13COST
values are positively correlated (r = 0.74), although the low δ18O and
δ13C values from I. bradyi control much of the correlation (Figure 6a).
Excluding the I. bradyi values reduces the correlation considerably
(r = 0.37).
DISCUSSION
Paleohydrology reconstruction
Ostracodes indicative of flowing-water settings (I. bradyi, E. meadensis) are sometimes found intermixed with ostracodes indicative of
vegetated, more wetland-like conditions (H. incongruens, C. vidua,
C. arcuata). The mixing of flowing- and stagnant-water ostracodes
suggests environmental heterogeneity or possibly post-mortem reworking of the valves. Infrequent occurrences of C. okeechobei and E.
meadensis may be indicative of spring discharge. The presence of C.
arcuata and an unidentified Stenocypris species (Figure 5) is notable.
Both Chlamydotheca and Stenocypris have circumtropical distributions
(Tressler, 1949). At Térapa, these two tropical ostracode species are
frequently found in association with F. caudata, an ostracode with a
range that is currently restricted to the continental United States and
Canada (Forester et al., 2005).
The fossil ostracode fauna at Térapa is indicative of a persistent
fresh-water setting. The majority of the fossil ostracode species have
upper total dissolved solids (TDS) limits generally < 1,000 mg·L-1, and
both F. caudata and L. paraornata commonly inhabit water with TDS
values between about 200 and 600 mg·L-1 (Forester et al., 2005). To date,
no ostracode species indicative of chemically evolved water, such as
Limnocythere staplini or Limnocythere sappaensis, has been recovered
at Térapa even though they were common in Late Pleistocene-aged
closed-basin lakes from the southwestern U.S. and northern Mexico
(e.g., Palacios-Fest et al., 2002; Wells et al., 2003; Allen et al., 2009;
Chávez-Lara et al., 2012). The persistent low-TDS ostracode fauna suggests that the Térapa impoundment was through-flowing. Over-spilling
or leakage through the Tonibabi basalt are also reasonable mechanisms
that would have suppressed evaporative chemical enrichment and
maintained a freshwater environment.
The presence of P. pustulosa, C. arcuata, and the unidentified Stenocypris species are key warm-water indicators at Térapa.
Physocypria pustulosa requires at least 2 consecutive months with water
temperatures above 20°C to complete its lifecycle (Forester et al., 1987).
Chlamydotheca and Stenocypris are both considered circumtropical
genera (Tressler, 1949). Chlamydotheca and Stenocypris have both
been reported in the continental United States, but reports are typically from southern and Gulf-coast states or from warm (geothermal)
spring settings (Furtos, 1933; Hoff, 1944; Ferguson, 1962, 1964, 1966;
Bowen, 1976; Davis, 1980; Forester, 1991, 1999; Ourso and Horing,
2000; Curry and Baker, 2000). Being tropical genera, Chlamydotheca
and Stenocypris are probably unable to survive cold winter temperatures
(e.g., Addo-Bediako et al., 2000; Sunday et al., 2011). Uncontrolled
experiments have shown that water temperatures below about 20°C
are lethal to C. arcuata (Forester, 1991). Both of the tropical ostraco243
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Table 1. Fossil ostracode species presence (P) or absence (-) listed by sample and stratum, Térapa, Sonora, Mexico.
Sample

Unit (Figure 4)

Fc

Pp

Cyp

Ds

Ib

Pot

Em

Stn

Cha

Hi

Lp

Pt

JEB06-MX04
04MX-12
Code104-2
Organ Pipe a
Baeza
Code104-4
Code 104-11
051703-2
04MX-11
04MX-10
JEB07-MX3
JEB07-MX8
JEB07-MX2
04MX-4
Carnivore 03-2004a
Code104-3

Bp2
Bp2
Bp2
Bp2
Bp2
Bp2
Bp2
Bp2
Bp2
Bp2
Bp2
Bp2
Bp2
Bp2
Bp2
Bp2

P
Pb
P
P
P
Pb
Pb
P
P
Pb
P
P
P
P

P
P
P
P
P
P
P
P
P
P
P
P
P

P
P
P
P
P
P
P
P
P
P
P
P

P
P
P
P
P
P
P
P
P
P
-

Pb
P
P
P
-

P
P
P
P
P
-

P
P
P
Pb
P
-

P
P
P
-

P
P
P
-

P
P
-

-

-

04MX-5
JEB07-MX9
JEB07-MX7
04MX-16
04MX-6

Bc (top)
Bc (middle)
Bc (middle)
Bc (middle)
Bc (base)

Pb
Pb
Pb
-

P
P
P
P
P

P
P
P
P
P

P
P
P
-

P
P
-

P
P
-

P
-

P
-

P
-

-

-

-

04MX-15
Code104-9
05MX-5A
05MX-5B
JEB06-MX13B
Swift Turtlea
Imhoff 2001a

Bp1 (top)
Bp1
Bp1
Bp1
Bp1
Bp1
Bp1

Pb
P
P
P
P
P
P

P
P
P
P
-

P
P
-

P
P
P
P
-

P
P
P
-

P
-

P
-

P
-

P
-

P
P

P
P
-

P
P
-

Betwixt 2003a
Imhoff-Ramona
Armadilloa

Ac-Bp1
Ac-Bp1
Ac-Bp1

Pb
P
P

-

P
-

-

-

-

-

-

-

P
-

-

-

05MX-6
Code104-8
Camel Bill
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24
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P
24
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P
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P
8

P
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5

5

P
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(top)
(top)
(middle)
(middle)
(middle)
(middle)
(middle)
(middle)
(middle)
(base)
(base)
(base)
(base)
(base)
(base)

Fc – Fabaeformiscandona caudata; Pp – Physocypria pustulosa; Cyp – Cypridopsis vidua; Ds – Darwinula stevensoni; Ib – Ilyocypris bradyi;.
Pot – Potamocypris sp.; Em – Eucypris meadensis; Stn – Stenocypris sp.; Cha – Chlamydotheca arcuata; Hi – Heterocypris incongruens;
Lp – Limnocythere paraornata; Pt – Pelocypris cf. P. tuberculatum. a Samples processed by N.A.U. Laboratory of Paleoecology and screen
washed at 300 μm. b Species used for stable isotope analysis. c Includes several valves of Cypridopsis okeechobei.

des at Térapa undoubtedly required optimal water temperatures that
were much warmer than 20°C. For example, Bowen (1976) reported
that Stenocypris sp. would only appear in a pond in South Carolina
when the minimum water temperature exceeded 28°C, and Forester
(1991) recovered Chlamydotheca from several springs in the western
U.S. and northern Mexico where water temperatures were between
25°C and 32°C.
The water temperature requirements of the tropical ostracode
species at Térapa provide insight into summer temperatures in northeastern Mexico at 40–43 ka. A modern shallow lake in north-central
Sonora (Lake El Yeso; Figure 1) has mean monthly lake water temperatures that are, on average, about 3°C cooler than the mean monthly
air temperatures (Palacios-Fest and Dettman, 2001). Using the water
and air temperature relationship at Lake El Yeso as an analog, the
mean summer air temperature at Térapa during OIS 3 could not have
been more than 5°C cooler than today (Figure 4) in order to support
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the tropical ostracode taxa. This estimate seems reasonable based on
temperature reconstructions for the last glacial period from southern
California, southern Arizona, and southern Texas that collectively
suggest a reduction in annual temperatures of about 4°C to 6°C, with
associated errors of ± 0.5°C to ±1.1°C depending on the study (Stute
et al., 1992; Anderson et al., 2002; Holmgren et al., 2006; Kulongoski
et al., 2009).
To our knowledge, the Térapa locality is only the third reported
fossil occurrence of F. caudata in northern Mexico, with the other two
being from Late Pleistocene sediments deposited in Laguna Babicora,
Chihuahua (Figure 1; Palacios-Fest et al., 2002), and juvenile valves that
have been reported from extensive but undated sediments at Comarca
Lagunera (Paleolake Irritia) of Durango and Coahuila (Czaja et al.,
2014). The modern distribution of F. caudata is confined to Canada
and the continental United States (Forester et al., 2005) where it lives
in water with optimal and maximum temperatures of about 6°C to
RMCG | v. 33 | núm. 2 | www.rmcg.unam.mx
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Figure 5. Digital images of the fossil ostracode fauna at Térapa, Sonora, Mexico. Group a) Fabaeformiscandona caudata ; i- male right valve, ii- male left valve,
iii- female right valve, iv - female left valve. Group b) Cypridopsis vidua; i- right valve, ii- left valve. Group c) Cypridopsis okeechoebi; i- right valve, ii- left valve. Group d) Darwinula stevensoni; i- right valve, ii- left valve. Group e) Limnocythere paraornata; i- male right valve, ii- male left valve, iii- female right valve,
iv- female left valve. f) Potamocypris sp., left valve. Group g) Stenocypris sp.; i- right valve, ii- left valve. Group h) Ilyocypris bradyi, right valve; Group i) Physocypria
pustulosa; i- right valve, ii-left valve. j) Heterocypris incongruens; right valve. k) Eucypris meadensis; right valve. l) Chlamydotheca arcuata; right valve. m) Pelocypris
cf. P. tuburculatum; left valve. All images are external lateral views taken under transmitted light using an Olympus SXZ-12 binocular microscope fitted with an
Olympus DP71 digital camera. Images were modified in Photoshop CS3 for contrast and clarity.
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Ostracode

Unit

Sample

F. caudata
F. caudata
F. caudata
F. caudata
F. caudata
F. caudata
F. caudata
F. caudata
F. caudata
I. bradyi
E. meadensis
F. caudata
I. bradyi

Bp2
Bp2
Bp2
Bc
Bc
Bc
Bp1
Bp1/Ac
Bc-s
Bc-s
Bc-s
As2
As2

JEB07-MX 8
04-MX11
04-MX12
JEB07-MX7
04-MX16
04-MX5
04-MX15
Betwixt
051703
051703
051703
Camel Bill
Camel Bill

δ18O

0

δ13C

‰,VPDB

-2
-4
-6
-8

n = 25

n = 25
n = 12

n = 12

E. meadensis

I. bradyi

F. caudata

E. meadensis

I. bradyi

F. caudata

-10

Figure 6. Uncorrected δ18O and δ13C values (‰, VPDB) from ostracode calcite
preserved at Térapa, Sonora, Mexico. a) Cross-plot of individual δ18O and δ13C
values are grouped by ostracode taxon and sedimentary unit. Sedimentary unit
and sample names are as in Figure 4. b) Box-and-whisker plots of uncorrected
δ18O values (blue boxes) and δ13C values (green boxes) from Fabaeformiscandona
caudata and Ilyocypris bradyi valves. Thick black line – median value, colored
box – 1st to 3rd quartile values, dashed lines and whiskers – maximum and minimum as 1.5×interquartile range, open circles – outliers. Individual δ18O and
δ13C values from two Eucypris meadensis valves are plotted as small black boxes.
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12°C and 18°C, respectively (Curry, 1999). Although F. caudata can
tolerate water temperatures above 20°C, it does not live in areas where
such temperatures persist annually (Forester, 1991). The southward
expansion of F. caudata into northern Mexico during the last glacial
interval is most likely attributed to the southward expansion of polar
air masses (e.g., Kutzbach and Wright, 1985; Kutzbach, 1987; OrtegaRamírez et al., 1998), which was probably accompanied by a reduction in summer temperatures. Although F. caudata and C. arcuata are
found together at Térapa, the optimal water temperatures reported for
F. caudata are several degrees cooler than the lower survival limit of
C. arcuata (Forester, 1991). The most likely explanation is that the life
cycles of these two ostracodes were seasonally offset, with F. caudata
completing its life cycle during the cooler spring or fall months and C.
arcuata completing its life cycle during the warmer summer months
(e.g., Bowen, 1976; Pieri et al., 2007).
Surface water δ18O reconstruction and seasonality of
precipitation
Correcting ostracode δ18O values for vital effects
Ostracodes molt eight or nine times over the course of their life
cycle and calcify their new valves within a few hours to at most a few
days after molting (Turpen and Angel, 1971; Chivas et al., 1983). Rather
than providing a continuous isotopic record over weeks to years like
mollusk shell or tooth enamel, the calcite in ostracode valves provides
a “snapshot” of the δ18O composition of the host water at the time the
ostracode molted.
Unlike inorganic calcite, the oxygen isotope value in ostracode
calcite (δ18OOST) does not appear to be in isotopic equilibrium with
the surrounding water; for a given water temperature and δ18O value,
δ18OOST is usually more positive than the expected equilibrium value
(e.g., Pérez et al., 2013), partially because of the presence of a poorly
understood “vital effect” (e.g., von Grafenstein et al., 1999). The δ18O
vital effect in ostracodes is species specific, but is probably relatively
similar within any given genus (von Grafenstein et al., 1999). Numerous
natural calibration studies on a variety of Fabaeformiscandona species
report vital effects of about +2‰ to +3‰ (e.g., von Grafenstein et al.,
1999; Keatings et al. 2002; Wetterich et al., 2008; Belmecheri et al.,
2010). Xia et al. (1997) reported a slightly lower vital effect of about
+1‰ from laboratory cultured F. rawsoni. However, the ostracode
valves from this experiment were less massive than the valves of naturally occurring F. rawsoni and this vital effect may not be accurate. We
favor correcting the F. caudata δ18O values using vital effects of +2‰
and +3‰ because of the larger naturally calibrated data set.
Correcting the I. bradyi δ18O results (δ18OILY) is more problematic
because a vital effect for Ilyocypris has not been clearly established.
Published vital effects for various species of Ilyocypris are as high as
about +2‰ (Develle et al. 2010) and as low as about +0.2‰ (Schwalb
et al. 2002; Belis and Ariztegui, 2004; Mischke et al., 2008; Lawrence
et al., 2008). For the purposes of this paper we corrected the I. bradyi
δ18O values using vital effects of 0‰ and +2‰.
To our knowledge, there are no data on vital effects specifically for
E. meadensis calcite. Li and Liu (2010) demonstrated that there is no
vital effect in cultured E. mareotica at 10°C and a small negative vital
effect at both 15°C and 19°C. Based on our optimal water temperature
estimate (see below), the E. meadensis δ18O values were not corrected
for any vital effect.
The δ18O value of ostracode calcite (δ18OOST) is dictated by the water temperature and the δ18O value of the water (δ18OSW) in which the
ostracode calcified its valves (von Grafenstein et al., 1999). Our δ18OOST
(VPDB) values were converted to surface water δ18O values (δ18OSW;
VSMOW) using the calcite-water fractionation data of Friedman and
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Table 2. Stable oxygen (δ18O) and carbon (δ13C) isotope values in ostracode calcite from Térapa, Sonora, Mexico.
Sample

Lat
(°N)

Long
(°W)

Genus species

n

Unit
(Figure 4)

δ18O
(‰, VPDB)

δ13C
(‰, VPDB)

04MX-12
04MX-11
04MX-11
04MX-11
JEB07-MX8

29.688561
29.688561
29.688561
29.688561
29.689275

109.653133
109.653133
109.653133
109.653133
109.653192

Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata

2
2
2
2
2

Bp2
Bp2
Bp2
Bp2
Bp2

-5.9
-5.7
-5.3
-5.6
-5.8

-1.1
-1.8
-3.2
-2.7
-2.6

51703
51703
51703
51703
51703
51703
51703
51703
51703
51703
51703

29.688561
29.688561
29.688561
29.688561
29.688561
29.688561
29.688561
29.688561
29.688561
29.688561
29.688561

109.653133
109.653133
109.653133
109.653133
109.653133
109.653133
109.653133
109.653133
109.653133
109.653133
109.653133

Ilyocypris bradyi
Ilyocypris bradyi
Ilyocypris bradyi
Ilyocypris bradyi
Ilyocypris bradyi
Ilyocypris bradyi
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Eucypris meadensis
Eucypris meadensis

4
4
3
3
3
3
2
2
2
1
1

Bc-s
Bc-s
Bc-s
Bc-s
Bc-s
Bc-s
Bc-s
Bc-s
Bc-s
Bc-s
Bc-s

-8.1
-8.1
-8.0
-7.7
-8.1
-7.9
-7.0
-7.1
-6.0
-7.5
-7.4

-7.7
-8.4
-8.5
-7.3
-7.9
-8.5
-6.0
-5.7
-5.4
-5.8
-6.4

04MX-5
04MX-5
04MX-5
04MX-5
JEB07-MX7
JEB07-MX7
JEB07-MX7
04MX-16
04MX-16

29.689275
29.689275
29.689275
29.689275
29.689275
29.689275
29.689275
29.688561
29.688561

109.653192
109.653192
109.653192
109.653192
109.653192
109.653192
109.653192
109.653133
109.653133

Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata

2
2
1
1
2
2
2
2
2

Bc
Bc
Bc
Bc
Bc
Bc
Bc
Bc
Bc

-6.2
-6.4
-6.4
-6.5
-5.4
-6.5
-6.3
-4.2
-4.8

-3.5
-6.5
-3.8
-1.8
-3.4
-4.3
-4.2
-5.9
-5.5

04MX-15
Betwixt
Betwixt
Betwixt
Betwixt

29.688561
29.685936
29.685936
29.685936
29.685936

109.653133
109.652986
109.652986
109.652986
109.652986

Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata

2
2
2
1
1

Bp1
Ac-Bp1
Ac-Bp1
Ac-Bp1
Ac-Bp1

-6.7
-5.9
-7.1
-6.1
-4.9

-5.7
-4.5
-6.5
-6.2
-2.7

Camel Bill
Camel Bill
Camel Bill
Camel Bill
Camel Bill
Camel Bill
Camel Bill
Camel Bill
Camel Bill

29.689275
29.689275
29.689275
29.689275
29.689275
29.689275
29.689275
29.689275
29.689275

109.653192
109.653192
109.653192
109.653192
109.653192
109.653192
109.653192
109.653192
109.653192

Ilyocypris bradyi
Ilyocypris bradyi
Ilyocypris bradyi
Ilyocypris bradyi
Ilyocypris bradyi
Ilyocypris bradyi
Fabaeformiscandona caudata
Fabaeformiscandona caudata
Fabaeformiscandona caudata

3
3
3
3
3
3
2
2
2

As1-2
As1-2
As1-2
As1-2
As1-2
As1-2
As1-2
As1-2
As1-2

-8.0
-8.1
-6.6
-8.1
-8.2
-8.2
-7.0
-5.2
-6.3

-7.3
-8.0
-7.5
-7.9
-8.8
-8.2
-5.8
-5.0
-4.3

O’Neil (1977) and the optimal (6°C to 12°C) and maximum (18°C)
modern water temperature constraints for F. caudata (Curry, 1999),
which was the most common ostracode in the Térapa sediments (Table
1) and comprised the bulk of the δ18OOST results (Figures 4 and 6; Table
2). The 6°C range in optimal water temperatures will produce about a
1.5‰ VSMOW range in the reconstructed δ18OSW estimates, which is
sensitive enough for the purpose of this study.
Reconstructing surface water δ18O values at Térapa
The ostracode-based surface water δ18O reconstruction for Térapa
18
(δ OSW-OST; VSMOW), using the optimal temperature range for F.
caudata (6°C to 12°C) and assuming vital effects of 0‰ for both
Ilyocypris and Eucypris and +2‰ to +3‰ for F. caudata, is -10
± 1‰ (Figure 7). Increasing the temperature of calcification to the
upper temperature limit for F. caudata (18°C) increases the δ18OSW-OST
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estimate to about -8 ± 1‰, with one maximum value of about -6‰
(Figure 7). More negative δ18OSW-OST estimates of about -12‰ at water
temperatures of 6°C to 12°C and about-10‰ at a water temperature
of 18°C are produced when the δ18OILY values are corrected for a +2‰
vital effect.
The reconstructed δ18OSW-OST values for Térapa at 40–43 ka (Figure
7) indicate that the isotopic composition of the Térapa impoundment
was dominated by winter precipitation and runoff. This result agrees
with other speleothem (Szabo et al., 1994; Wagner et al., 2010; Asmerom
et al., 2010) and numerous paleolake/paleowetland studies in the
southwestern U.S. and northwestern Mexico (Ortega-Guerrero et al.,
1999; Anderson et al., 2002; Kirby et al., 2006; Allen et al., 2009; Pigati
et al., 2009, 2011; Roy et al., 2010, 2012; Garcia et al., 2014; Reheis et
al., 2015) that suggest increased winter moisture at about 40-45 ka, the
time the Térapa sediments were deposited.
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Comparing ostracode-based and tooth enamel-based surface water
δ18O reconstructions for Térapa
We also compared our δ18O OST with both bulk and serial δ18O
values from herbivore tooth enamel (δ18OEN) previously recovered
from Térapa (Nunez et al., 2010). Enamel δ18O values are often used to
reconstruct paleo-water δ18O values (e.g., Widga et al., 2010; Metcalfe
et al., 2011; Pérez-Crespo et al.,2012), and Térapa affords the opportunity to compare δ18OSW reconstructions from the same site based
on two commonly used archives; ostracode calcite and tooth enamel.
The δ18OEN values (VPDB) from Nunez et al. (2010) were converted to
surface water values (δ18OSW-EN, VSMOW) using the equations provided
in their results section.
Several studies have demonstrated that the δ18OEN values from large
herbivores are strongly positively correlated with δ18OSW (Huertas et
al., 1995; Kohn et al., 1996; Hoppe et al., 2004). The strength of the
correlation between δ18OSW and δ18OEN increases with the body size
of the herbivore because larger animals are preferentially obligate
drinkers (e.g., Bryant and Froelich, 1995; Hoppe et al., 2004). Smaller
herbivores are better able to meet their water requirement through the
food that they eat which weakens or eliminates the correlation between
δ18OSW and δ18OEN in small animals (Huertas et al., 1995). Instead, the
δ18OEN in small herbivores correlate better with humidity as it relates
to evaporation and water stress on vegetation (Huertas et al., 1995).
Leaves, especially in arid environments, can have δ18O values as much
as 20‰ higher than the water absorbed at the plant root (Förstel, 1978;
Kohn et al., 1996).
In order to generate the best comparison, we excluded the bulk
tooth δ18OEN data from two small herbivores (peccary; +0.9‰; capybara, -5.3‰; Nunez et al. (2010)) and a very high outlier from a llama
(+4.4‰; Nunez et al. (2010)). This produced an average bulk δ18OSW-EN
estimate of about -4 ± 3‰ (n = 19). This value is dominated by the
results from numerous horse teeth that cluster with consistently high
δ18O SW-EN values (-3 ± 3‰; n = 10). Nunez et al. (2010) produced serial δ18OEN values from a bison and a horse tooth that captured 1 and
2 years of hydrologic information, respectively. When converted to
δ18OSW-EN values, the serial bison and horse teeth results are also on
the order of -4‰ to +2‰. We recognize that both the bulk and serial
horse δ18O SW-EN values may be slightly too high because of a potential
offset between δ18OEN and δ18OSW that has been reported for modern
horses (Hoppe et al., 2004), but that does not change the observation
that the majority of δ18OSW-EN estimates at Térapa are roughly 4‰ to
12‰ higher than the δ18OSW-OST estimate (Figure 7).
The dissimilarity between δ18OSW-OST and δ18OSW-EN at Térapa was
unexpected and intriguing. The δ18OSW-OST and δ18OSW-EN values lead to
very different paleohydrologic interpretations; the δ18OSW-OST estimate
favors winter-derived moisture, whereas the δ18OSW-EN estimate favors
significant amounts of monsoon-derived moisture or possibly a very
evaporative environment. If we assume that the δ18OSW-EN estimate is
correct, then to generate the measured δ18OOST values would require
either the absence of any vital effects and calcification in 18–20°C water,
or the presence of vital effects and calcification in >28°C water. Both
of these options seem unreasonable based on the available literature
regarding δ18O systematics in ostracode calcite (e.g., von Grafenstein
et al., 1999) and the ecological tolerances of the ostracodes used in this
study (Forester, 1991; Curry, 1999) which are admittedly skewed towards ostracode occurrences at higher latitudes than Térapa. Diagenetic
alteration of the δ18OEN values is not a likely cause for the discrepancy
because alteration typically changes δ18OEN by about ±1‰ (Kohn et
al., 1999 ), which is much less than the offset between the δ18OSW-OST
and δ18OSW-EN values reported here. The most likely explanation for the
offset is that the ostracodes consistently calcified their valves during the
spring or early summer when the runoff feeding the impoundment was
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still dominated by winter precipitation. Additionally, the high δ18OEN
values from the large mammals may suggest that the animals consistently drank from evaporated water sources (e.g., Hoppe et al., 2004;
Wigda et al., 2010) or incorporated a higher than expected proportion
of evaporated leaf-water in their diet (e.g., Feranec and MacFadden,
2006; Zanazzi and Kohn, 2008; Pérez-Crespo et al., 2016), or perhaps
the animals (especially the horses) migrated through the Térapa area.
If the large herbivores are migrants then their δ18OEN values may include contributions from non-local water sources (e.g., Pérez-Crespo
et al., 2012).
Ostracode δ13C values and paleovegetation reconstruction
The δ13C value in ostracode calcite (δ13COST) faithfully records
the δ13C value of dissolved inorganic carbon (δ13CDIC) of the water the
ostracode calcified its valves in (von Grafenstein et al., 1999). The
isotopic fractionation of carbon between aqueous carbon dioxide
(CO2) and inorganic calcite produces a calcite δ13C value that, over the
range of 10°C to 25°C, is approximately +12‰ higher than the δ13C
value of the dissolved CO2 in the host water (Romanek et al., 1992).
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(‰,VSMOW)
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Bison (serial)
Bison (bulk)
Equus (serial)
Equus (bulk)
Cuvieronius (bulk)
Mammoth (bulk)
Odocoileus (bulk)
Paramylodon (bulk)
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Figure 7. Comparisons of (a) reconstructed δ18OSW values (‰, VSMOW) of
surface/meteoric water based on ostracode calcite and herbivore tooth enamel
(open circles), and (b) the range of δ13C values in ostracode calcite and herbivore tooth enamel (open circles) at Térapa, Sonora, Mexico, during mid-OIS
3. Open circles in (a) and (b) are values derived from bulk and serial analysis
of enamel from the teeth of large herbivores collected throughout the deposit
(Nunez et al., 2010). Finest dashed vertical line and faint blue box in (a) are
the mean and 1σ standard deviation, respectively, of δ18OSW values calculated
from all ostracode calcite samples corrected for various vital effects and calcified over the preferred water temperature range of 6°C to 12°C. Medium
dashed vertical line and faint orange box in (a) are the mean and 1σ standard
deviation, respectively, of δ18OSW values calculated from all ostracode calcite
samples corrected for various vital effects and calcified at the maximum water
temperature estimate of 18°C. Coarsest dashed vertical line in (a) is the highest
reconstructed δ18OSW value (see text for discussion). Medium dashed vertical
line and grey box in (b) are the mean and 1σ standard deviation, respectively,
of δ13C values from all ostracode calcite samples.
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In this study, we are interested in using δ13COST values from Ilyocypris
bradyi, an ostracode with a strong affinity for streams and flowing
water (Curry, 1999; Quade et al., 2003), to reconstruct the δ13CDIC
value of the streams feeding the Térapa impoundment, and from
that, broadly estimating the relative proportion of paleovegetation
types present in the Térapa watershed at 40–43 ka.
Variables that influence ostracode δ13C values
The δ13CDIC value of springs and streams is largely derived from
respired soil CO2 (δ13CSOIL), which itself is derived from the surrounding
plant community, although contributions from water-rock interactions,
for instance the dissolution of marine carbonate bedrock (δ13C ≈ 0‰),
may be present in groundwater as well. Terrestrial vegetation can be
subdivided into C4, C3, and Crassulacean Acid Metabolism (CAM)
groups, with each group having a representative range of δ13C values.
Grasses and other plants that use the C4 photosynthetic pathway
generally have higher δ13C values (-13 ± 2‰) than woody plants and
shrubs that use the C3 photosynthetic pathway (-28 ± 3‰; O’Leary,
1981). Plants that use the CAM photosynthetic pathway (e.g., cactus,
agave, yucca) have intermediate δ13C values (-13‰ to -27‰; O’Leary,
1981) that overlap with C3 and C4 plants. Obligate CAM plants have
δ13C values closer to C4 plants, whereas facultative CAM plants tend
to have δ13C values that are closer to C3 plants (Griffiths, 1992). Thus,
the δ13C value of CAM plants overlaps those of C3 and C4 plants, rendering them isotopically invisible as a group. As a result, our discussion of plant communities is restricted to an estimate of the apparent
abundances of C3 and C4 plants, recognizing that the C3 category may
contain contributions from facultative CAM plants and that the C4
category may contain contributions from obligate CAM plants. And
finally, aquatic vegetation typically has very low δ13C values (-25 to
-30‰; Keeley and Sandquist, 1992).
Further complicating the issue is the fact that some ostracode
species live within the top few cm of sediment (epifaunal; Decrouy et
al., 2012) and may calcify their valves within the sediment. Epifaunal
species may record the δ13CDIC value of sediment pore water rather
than of the overlying water body (Decrouy et al., 2012). Consequently,
δ13COST of epifaunal ostracodes may be lower than expected because
the valves were calcified in an environment where decaying organic
matter often leads to pore water that is enriched in respired 12C (e.g.,
Keeley and Sandquist, 1992; Decrouy et al., 2011).
Reconstructing ground cover at Térapa
The modern flora of the Sonoran Desert consists of roughly 50%
annuals and 50% perennials (e.g., Venable and Pake, 1999). The winter
annual flora is populated exclusively by C3 plants whereas the summer
annual flora is dominated by C4 plants (summer annual C3:C4 = 35:65;
Mulroy and Rundel, 1977). Perennials are comprised mostly of C3 and
CAM plants (Drennan and Nobel, 1997). Packrat middens dating to
the last glacial period (60 to ~13 ka) indicate that much of the Sonoran
Desert landscape between about 300 and 1,300 m a.s.l. was dominated
by pinyon-juniper-oak woodlands and chaparral (Van Devender, 1990).
Similar packrat midden studies and the isotopic analysis of megaherbivore (e.g, mammoth, bison, horse) tooth enamel have suggested that
summer monsoon precipitation supported C4 grasslands throughout
much of the southwestern U.S. and northern Mexico during the last
glacial period (e.g., Connin et al., 1998; Holmgren et al., 2006, 2007).
The average δ13C value (VPDB) for I. bradyi (δ13CILY) is about -8‰
(Figure 6; Table 2). Reducing this value by 12‰ (e.g., Romanek et al.,
1992) produces a δ13C value (VPDB) for dissolved aqueous CO2 of
about -20‰. Subtracting an additional 4‰ for the kinetic fractionation of CO2 in soil profiles (Cerling, 1984) the δ13COST value could have
been derived from a landscape with a δ13CSOIL value of about -24‰.
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The C3 and C4 vegetation at Térapa was assigned end member values
of -28‰ and -13‰, respectively, based on previous studies in similar
desert environments (Mooney et al., 1989; Biedenbender et al., 2004).
If Térapa had a δ13CSOIL value of about -24‰ then that would suggest
ground cover with a C3:C4 ratio of about 75:25.
Comparing ostracode-based and tooth enamel-based paleovegetation
reconstructions for Térapa
At face value, a C3-dominated flora surrounding Térapa at 40–43
ka contrasts with the enamel results of Nunez et al. (2010), where they
concluded that C4 grasses and perhaps obligate CAM plants were abundant around Térapa and comprised a significant portion of the diet of
even typically obligate browsing herbivores (i.e., Odocoileus; Figure 7).
The discrepancy between our C3-dominated interpretation and Nunez
et al.’s (2010) C4-rich interpretation (Figure 7) may be explained by
several factors. First, the δ13CILY and δ13CEN values are derived from two
very different processes. The δ13CILY values likely reflect the averaged
δ13CSOIL composition of the surrounding watershed during the season
that the ostracodes preferentially calcified their valves, whereas the
δ13CEN values undoubtedly incorporate a selective dietary preference for
each animal (e.g., Feranec and MacFadden, 2006). Second, the δ18OOST
values suggest a winter-dominated precipitation regime. If so, then
the δ13CDIC of runoff was probably dominated by a winter vegetation
signal that would have been skewed towards C3 plants. Similarly, we
suspect that the streams that fed the Térapa impoundment drained the
highlands to the east (Figure 2) and may have had δ13CDIC values that
were skewed towards the low values typical of a woodier C3-dominated
mountainous ecosystem. And finally, I. bradyi may have calcified in
12
C-enriched microhabitats such that their δ13C values would be lower
than the bulk stream value. This would suggest that additional factors
that should have increased the δ13CDIC value, such as the absorption
of atmospheric CO2 (δ13C ≈ -6.7‰; Köhler et al., 2010) or the decay
of C4 organic material that might have washed into the streams, were
outweighed by the decay of aquatic vegetation within the streams. A
combination of these seasonal and habitat-specific factors likely produced δ13CILY values that significantly underestimate the abundance of
C4 plants on the landscape. In spite of their aquatic origin and likely
seasonal bias, the δ13CILY values still require about 25% input from C4
plants, suggesting that C4 plants were perhaps abundant near Térapa,
as Nunez et al. (2010) concluded.
CONCLUSIONS
A fossil ostracode fauna and stable isotope (δ18O and δ13C) analyses
have been used to reconstruct the paleoenvironment during the deposition of a unique megafauna vertebrate assemblage at Térapa, Sonora,
Mexico, during mid-OIS 3 (about 40–43 ka). The fossil ostracode fauna
was comprised of 12 genera and 13 species. Species that reflect flowing
water and more quiescent conditions were found intermixed. Most of
the ostracode species are common, wide-spread temperate species, but
two, C. arcuata and Stenocypris sp., have tropical affinities. The mix of
temperate and tropical ostracode species mirrors the mix of temperate
and tropical vertebrate fossils recovered from the site. Based on the
presence of tropical ostracode species, summer temperatures at Térapa
at 40–43 ka were at most ~5°C cooler than at present. The fresh-water
ostracode fauna and low δ18OOST values suggest that the water body at
Térapa was through-flowing. Our ostracode-based TDS estimate for
the impoundment is on the order of 200–600 mg·L-1.
The δ18OOST and δ13CILY values from throughout the deposit suggest
that winter precipitation dominated the hydrologic cycle and that the
surrounding vegetation community was dominated by C3 plants. The
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δ18OSW-OST estimate for Térapa at 40-43 ka was approximately -10 ± 2‰
VSMOW, indicating that increased winter precipitation dominated
the surface runoff. This finding is consistent with other paleoclimatic
studies from the southwestern U.S. and northern Mexico at 45–40 ka.
The δ18OSW-OST estimate is roughly 4‰ to 12‰ lower than the δ18OSW-EN
estimates derived from teeth of large herbivores collected from the same
site, however. The δ13CILY results suggest that C3 plants dominated the
landscape (perhaps 75%), although associated herbivore tooth enamel
suggests a strong C4 (i.e., grass) component was present. Because of the
season and aquatic setting in which the ostracode valves were likely
calcified, the δ13COST values probably underestimate the proportion of
C4 plants that were on the landscape.
The Térapa vertebrate site is an excellent example of how different isotopic archives can produce very different paleoenvironmental
interpretations from the same deposit. Térapa provides a cautionary example of how using a single isotopic archive to reconstruct
desert paleohydrology may be misleading. When used individually,
the ostracode and enamel δ18O and δ13C values suggested opposing
precipitation and vegetation regimes. The ostracode results favor a
winter-dominated hydrology and a C3-rich vegetation community
whereas the tooth enamel results favor a summer-dominated or more
evaporative hydrology and a C4-rich vegetation community. A more
complete interpretation emerged when both datasets were used together. Interpretive differences arose because the processes that produced the δ18O and δ13C values in the ostracode calcite and herbivore
enamel captured paleoenvironmental information at different spatial,
temporal, and seasonal scales.
ACKNOWLEDGEMENTS
We are grateful for the hospitality of the town of San Clemente de
Térapa and the family of Hector Ruiz Durazo of Moctezuma. Sandra
Swift (The Mammoth Site and East Tennessee State University) provided the screen washed ostracode valves for identification. We appreciate
the efforts of David Dettman at the University of Arizona for running
the ostracode stable isotope samples and for constructive comments
on an earlier draft of this manuscript. We appreciate Chris Eastoe at
the University of Arizona for sharing his unpublished precipitation
δ18O data for Huasabas and Mazocahui, Sonora. Northern Arizona
University’s Amino Acid Geochronology Lab is funded by NSF grant
EAR-1234413. Additional support during the preparation of this MS
was provided by the University of Arizona’s Paul Martin Scholarship
(JB). Reviewers B. Curry and L. Pérez provided valuable suggestions
for improving the manuscript.
REFERENCES
Addo-Bediako, A., Chown, S.L., Gaston, K.J., 2000, Thermal tolerance, climatic
variability and latitude: Proceedings of the Royal Society of London B,
267, 739-745.
Allen, B.D., Love, D.W., Meyers, R.G., 2009, Evidence for late Pleistocene
hydrologic and climatic change from Lake Otero, Tularosa Basin, southcentral New Mexico: New Mexico Geology, 31, 9-25.
Anderson, R.S., Power, M.J., Smith, S.J., Springer, K., Scott, E., 2002, Paleoecology
of a middle Wisconsin deposit from southern California: Quaternary
Research, 58, 310-317.
Arroyo-Cabrales, J., Polaco, O.J., Johnson, E., 2002, La mastofauna del
Cuaternario tardio en México, in Montellano-Ballesteros, M., ArroyoCabrales, J., (eds.), Avances en los estudios paleomastozoológicos en
México: Instituto de Antropolgía e Historia, México, Colección Científica,
443, 103-123.

250

Arroyo-Cabrales, J., Polaco, O.J., Johnson, E., Ferrusquía-Villafranca, I., 2010,
A perspective on mammal biodiversity and zoogeography in the Late
Pleistocene of México: Quaternary International, 212, 187-197.
Asmerom, Y., Polyak, V.J., Burns, S.J., 2010, Variable winter moisture in the
southwestern United States linked to rapid glacial climate shifts: Nature
Geoscience, 3, 114-117.
Belis, C.A., Ariztegui, D., 2004, The influence of biological and environmental
factors on the stable isotopic composition of ostracods – the late Pleistocene
record from Lake Albano, Central Italy: Journal of Limnology, 63, 219-232.
Belmecheri. S., von Grafenstein, U., Andersen, N., Eymard-Bordon, A., Régnier,
D., Grenier, C., Léxine A.-M., 2010, Ostracod-based isotope record from
Lake Ohrid (Balkan Peninsula) over the last 140 ka: Quaternary Science
Reviews, 29, 3894-3904.
Biedenbender, S.H., McClaran, M.P., Quade, J., Weltz, M.A., 2004, Landscape
patterns of vegetation change indicated by soil carbon isotope composition:
Geoderma, 119, 69-83.
Bowen, G.J, 2014, The Online Isotopes in Precipitation Calculator, version 2.2.
http://www.waterisotopes.org, accessed August, 19, 2014.
Bowen, M. 1976, Effects of a thermal effluent on the ostracods of Par Pond,
South Carolina, in Esch, G.W., McFarlane, R.W., (eds.), Thermal Ecology
II: Proceedings of a symposium held at Augusta Georgia, April, 1975:
U.S. Energy Research and Development Administration. Series CONF750425, 219-255.
Bright, J., Kaufman, D.S., Forman, S.L., McIntosh, W.C., Mead, J.I., Baez, A.,
2010, Comparative dating of a Bison-bearing late-Pleistocene deposit,
Térapa, Sonora, Mexico: Quaternary Geochronology, 5, 631-643.
Bryant, J.D., Froelich, P.N., 1995, A model of oxygen isotope fractionation in
body water of large animals: Geochimica et Cosmochimica Acta, 59,
4523-4537.
Búrquez, A., Martinez-Yrizar, A., Martin, P.S., 1992, From the high Sierra
Mardre to the coast: changes in vegetation along Highway 16, MaycobaHermosillo, in Clark, K.F., Roldán-Quintana, J., Schmidt, R.H., (eds.),
Geology and Mineral Resources of Northern Sierra Madre Occidental,
México: Guidebook for the 1992 Field Conference, El Paso Geological
Society Publication No. 24, El Paso, TX, 239-252.
Ceballos, G., Arroyo-Cabrales, J., Ponce, E., 2010, Effects of Pleistocene
environmental changes on the distribution and community structure
of the mammalian fauna of Mexico: Quaternary Research, 73, 464-473.
Cerling, T.E., 1984, The stable isotopic composition of modern soil carbonate
and its relationship to climate: Earth and Planetary Science Letters, 71,
229-240.
Chávez-Lara, C.M., Roy, P.D., Caballero, M.M., Carreño, A.L, Lakshumanan,
C., 2012, Lacustrine ostracods from the Chihuahua Desert of Mexico and
inferred Lake Quaternary paleoecological conditions: Revista Mexicana
de Ciencias Geológicas, 29, 422-431.
Chivas, A.R., De Deckker, P., Shelley, J.M.G., 1983, Magnesium, strontium,
and barium partitioning in nonmarine ostracode shells and their use in
paleoenvironmental reconstructions – a preliminary study, in Maddocks,
R.F., (ed.), Applications of Ostracoda to Economic and Scientific Problems:
Proceedings of the Eighth International Symposium on Ostracoda,
University of Houston, Houston, TX, 238-349.
Connin, S.L., Betancourt, J., Quade, J., 1998, Late Pleistocene C4 plant dominance
and summer rainfall in the southwestern United States from isotopic study
of herbivore teeth: Quaternary Research, 5, 179-193.
Curry B.B., 1999, An environmental tolerance index for ostracodes as indicators
of physical and chemical factors in aquatic habitats: Palaeogeography,
Palaeoclimatology, Palaeoecology, 148, 51-63.
Curry, B.B., Baker, R.G., 2000, Palaeohydrology, vegetation, and climate since the
late Illinois Episode (~130 ka) in south-central Illinois: Palaeogeography,
Palaeoclimatology, Palaeoecology, 155, 59-81.
Czaja, A., Palacios-Fest, M.R., Estrada-Rodríguez, J.L., Romero Méndez, U., Alba
Ávila, J.A., 2014, Inland dunes fauna and flora from Paleolake Irritila in the
Comarca Lagunera, Coahuilla, northern Mexico: Boletín de la Sociedad
Geológica Mexicana, 66, 541-551.
Czaplewski, N.J., Morgan, G.S., Arroyo-Cabrales, J., Mead, J.I., 2015, Late
Pleistocene shrews and bats (Mammalia: Soricomorpha and Chiroptera)
from Terapa, a neotropical-nearctic transitional locality in Sonora, Mexico:
The Southwestern Naturalist, 59, 489-501.
Davis, J.R., 1980, Species composition and diversity of benthic macroinvertebrates

RMCG | v. 33 | núm. 2 | www.rmcg.unam.mx

Paleoenvironmental reconstruction for the Térapa vertebrate site
of Lower Devil’s River, Texas: The Southwestern Naturalist, 25, 379-384.
Decrouy, L., Vennemann, T.W., Ariztegui, D., 2011, Controls on ostracod
valve geochemistry: Part 2. Carbon and oxygen isotope compositions:
Geochimica et Cosmochimica Acta, 75, 7380-7399.
Decrouy, L., Vennemann, T.W., Ariztegui, D., 2012, Sediment penetration
depths of epi- and infaunal ostracods from lake Geneva (Switzerland):
Hydrobiologia, 688, 5-23.
Delorme, L.D., 1970a, Freshwater ostracodes of Canada. Part I. Subfamily
Cypridinae: Canadian Journal of Zoology, 48, 153-168.
Delorme, L.D., 1970b, Freshwater ostracodes of Canada. Part II. Subfamily
Cypridopsinae and Herpetocypridinae, and family Cyclocyprididae:
Canadian Journal of Zoology, 48, 253-266.
Delorme, L.D., 1970c, Freshwater ostracodes of Canada. Part III. Family
Candonidae: Canadian Journal of Zoology, 48, 1009-1127.
Delorme, L.D., 1970d, Freshwater ostracodes of Canada. Part IV. Families
Ilyocyprididae, Notodromadidae, Darwinulidae, Cytherideidae,
Entocytheridae: Canadian Journal of Zoology, 48, 1257-1259.
Delorme, L.D., 1971, Freshwater ostracodes of Canada. Part V. Families
Limnocytheridae, Loxoconchidae: Canadian Journal of Zoology, 49, 43-64.
Develle, A.-L., Herros, J., Vidal, L., Sursock, A., Gasse, F., 2010, Controlling
factors on a paleo-lake oxygen isotope record (Yammoûneh, Lebanon)
since the Last Glacial Maximum: Quaternary Science Reviews, 29, 865-886.
Drennan, P.M., Nobel, P.S., 1997, Frequencies of major C3, C4, and CAM
perennials on different slopes in the northwestern Sonoran Desert: Flora,
192, 297-304.
Eastoe, C.J., Dettman, D.L., 2016, Isotope amount effects in hydrologic and
climate reconstructions of monsoon climates: implications of some longterm data sets for precipitation: Chemical Geology, 430, 78-89.
Feranec, R.S., MacFadden, B.J., 2006, Isotopic discrimination of resource
partitioning among ungulates in C3-dominated communities from the
Miocene of Florida and California: Paleobiology, 32, 191-205.
Ferguson, E., Jr., 1962, Stenocypris bolieki, a new freshwater ostracode form
Florida and a new record of distribution for the genus: American Midland
Naturalist, 67, 65-67.
Ferguson, E., Jr., 1964, Stenocyprinae, a new subfamily of freshwater cyprid
ostracods (Crustacea) with description of a new species from California:
Proceedings of the Biological Society of Washington, 77, 17-24.
Ferguson, E., Jr., 1966, Some freshwater ostracodes from the western United
States: Transactions of the American Microscopical Society, 85, 313-318.
Ferguson, E., Jr., 1967, New ostracodes from the playa lakes of eastern New
Mexico and western Texas: Transactions of the American Microscopical
Society, 86, 244-250.
Ferrusquía-Villafranca, I., Arroyo-Cabrales, J., Martinez-Hernández, E.,
Gama-Castro, J., Ruiz-González, J., Polaco, O.J., Johnson E., 2010,
Pleistocene mammals of Mexico: a critical review of regional chronofaunas,
climate change response and biogeographic provinciality: Quaternary
International, 217, 53-104.
Forester, R.M., 1987, Mid-Holocene climate in northern Minnesota: Quaternary
Research, 28, 263-273.
Forester, R.M., 1988, Nonmarine calcareous microfossil sample preparation and
data acquisition procedures: U.S. Geological Survey Technical Procedure
HP-78 R1, 1-9.
Forester, R.M., 1991, Ostracode assemblages from springs in the western United
States: Implications for paleohydrology: Memoirs of the Entomological
Society of Canada, 155, 181-201.
Forester, R.M., 1999, Ostracodes as indicators of present and past hydrology
in Death Valley, in Slate, J.L., (ed.), Proceedings of conference on status
of geologic research and mapping, Death Valley National Park: U.S.
Geological Survey Open-File Report 99-153, 69-70.
Forester, R.M., Delorme, L.D., Bradbury, J.P., 1987, Mid-Holocene climate in
northern Minnesota; Quaternary Research, 28, 263-273.
Forester, R.M., Smith, A.J., Palmer, D.F., Curry, B.B., 2005, North American
Non-Marine Ostracode Database Project, Version 1: Located at: www.
kent.edu/nanode.
Förstel, H., 1978, The enrichment of 18O in leaf water under natural conditions:
Radiation and Environmental Biophysics, 15, 323-344.
Friedman, I., O’Neil, J.R., 1977, Compilation of stable isotope fractionation
factors of geological interest. Data of Geochemistry 6th Edition: U.S.
Geological Survey Professional Paper 440-KK, 12 pp.

RMCG | v. 33 | núm. 2 | www.rmcg.unam.mx

Furtos, N.C., 1933, The Ostracoda of Ohio: Ohio Biological Survey Bulletin,
29, 411-524.
Garcia, A.L., Knott, J.R., Mahan, S.A., Bright, J., 2014, Geochronology and
paleoenvironment of pluvial Harper Lake, Mojave Desert, California,
USA: Quaternary Research, 81, 305-317.
Griffiths, H., 1992, Carbon isotope discrimination and the integration of
carbon assimilation pathways in terrestrial CAM plants: Plant, Cell and
Environment, 15, 1051-1062.
Gutentag, E.D., Benson, R.H., 1962, Neogene (Plio-Pleistocene) fresh-water
ostracodes from the Central High Plains: Kansas Geological Survey
Bulletin 154, Part 4, 60 pp.
Hodnett, J.-P., Mead, J.I., Baez, A., 2009, Dire wolf, Canis dirus (Mammalia;
Carnivora; Canidae), from the Late Pleistocene (Ranchlabrean) of eastcentral Sonora, Mexico: The Southwestern Naturalist, 54, 74-81.
Hoff, C.C., 1944, The origin of nearctic fresh-water ostracods: Ecology, 25,
369-372.
Holmgren, C.A., Betancourt, J.L., Rylander, K.A., 2006, A 36,000-yr vegetation
history from the Peloncillo Mountains, southeastern Arizona, USA:
Palaeogeography, Palaeoclimatology, Palaeoecology, 240, 405-422.
Holmgren, C.A., Norris, J., Betancourt, J.L., 2007, Inferences about winter
temperatures and summer rains from the late Quaternary record of C4
perennial grasses and C3 desert shrubs in the northern Chihuahuan Desert:
Journal of Quaternary Science, 22, 141-161.
Hoppe, K.A., Amundson, R., Varva, M., McClaran, M.P., Anderson, D.L., 2004,
Isotopic analysis of tooth enamel carbonate from modern North American
feral horses: implications for paleoenvironmental reconstructions:
Palaeogeography, Palaeoclimatology, Palaeoecology, 203, 299-311.
Huertas, D. A., Jacumin, P., Stenni, B., Chillon, B.S., Longinelli, A., 1995, Oxygen
isotope variations of phosphate in mammalian bone and tooth enamel:
Geochimica et Cosmochimica Acta, 59, 4299-4305.
Keatings, K.W., Heaton, T.H.E., Holmes, J.A., 2002, Carbon and oxygen isotopic
fractionation in non-marine ostracodes: results from a ‘natural culture’
experiment: Geochimica et Cosmochimica Acta, 66, 1701-1711.
Keeley, J.E., Sandquist, D.R., 1992, Carbon: freshwater plants: Plant, Cell and
Environment, 15, 1021-1035.
Kirby, M.E., Lund, S.P., Bird, B.W., 2006, Mid-Wisconsin sediment record from
Baldwin Lake reveals hemispheric climate dynamics (Southern CA, USA):
Palaeogeography, Palaeoclimatology, Palaeoecology, 241, 267-383.
Köhler, P., Fischer, H., Schmitt, J., 2010, Atmospheric δ13CO2 and its relation to
pCO2 and deep ocean δ13C during the late Pleistocene: Paleoceanography,
25, doi:10.1029/2008PA001703.
Kohn, M.J., Schoeninger, M.J., Valley, J.W., 1996, Herbivore tooth oxygen isotope
composition: effects of diet and physiology: Geochimica et Cosmochimica
Acta, 60, 3889-3896.
Kohn, M.J., Schoeninger, M.J., Barker, W.W., 1999, Altered states: effects of
diagenesis on fossil tooth chemistry: Geochimica et Cosmochimica Acta,
63, 2737-2747.
Kulongoski, J.T., Hilton, D.R., Izbicki, J.A., Belitz, K., 2009, Evidence for
prolonged El Nino-like conditions in the Pacific during the late Pleistocene:
a 43 ka noble gas record from California groundwaters: Quaternary Science
Reviews, 28, 2465-2473.
Kutzbach, J.E., 1987, Model simulations of the climatic patterns during the
deglaciation of North America, in Ruddiman, W.F., Wright, H.E., Jr.,
(eds.), North America and adjacent oceans during the last deglaciation.
Geology of North America, Vol. K-3: Geological Society of America,
Boulder, CO, 425-446.
Kutzbach, J.E., Wright, H.E., Jr., 1985, Simulation of the climate of 18,000 yr
B.P.: results for the North American/North Atlantic/European Sector
and comparison with the geologic record of North America: Quaternary
Science Reviews, 4, 147-187.
Lawrence, J.R., Hyeong, K., Maddocks, R.F., Lee, K.-S., 2008, Passage of Tropical
Storm Allison (2001) over southeast Texas recorded in δ18O values of
Ostracoda: Quaternary Research, 70, 339-342.
Li, X., Liu, W., 2010, Oxygen isotope fractionation in the ostracod Eucypris
mareotica: results from a culture experiment and implications for
paleoclimate reconstruction: Journal of Paleolimnology, 43, 111-120.
Magaña, V.O., Vázquez, J.L., Pérez, J.L., Pérez, J.B., 2003, Impact of El Niño on
precipitation in Mexico: Geofísca Internacional, 42, 313-330.
Martin, P.S., Yetman, D., Fishbein, M., Jenkins, P., Van Devender, T.R., Wilson,

251

Bright et al.
R.K., 1998, Gentry’s Rio Mayo Plants: University of Arizona Press, Tucson,
AZ, 558 pp.
Mead, J.I., Baez, A., Swift, S., Carpenter, M., Hollenshead, M., Czaplewski, N.J.,
Steadman, D.W., Bright, J., Arroyo-Cabrales, J., 2006, Tropical marsh and
savannah of the late Pleistocene in northeastern Sonora, Mexico: The
Southwestern Naturalist, 51, 226-239.
Mead, J.I., Swift, S.L., White, R.S., McDonald, H.G., Baez, A., 2007, Late
Pleistocene (Rancholabrean) Glyptodont and Pampathere (Xenarthra,
Cingulata) from Sonora, Mexico: Revista Mexicana de Ciencias Geológicas,
24, 439-449.
Meisch, C., 2000, Freshwater Ostracoda of Western and Central Europe
Süβwasserfauna von Mitteleuropa 8/3: Spektrum, Berlin, 522 pp.
Metcalfe, S.E., O’Hara, S.L., Caballero, M., Davies, S.J., 2000, Records of Late
Pleistocene-Holocene climatic change in Mexico - a review: Quaternary
Science Reviews, 19, 699-721.
Metcalfe, J.Z., Longstaffe, F.J., Ballenger, J.A.M., Haynes, V., Jr., 2011, Isotopic
paleoecology of Clovis mammoths from Arizona: Proceedings of the
National Academy of Science, 108, 17916-17920.
Mischke, S., Kramer, M., Zhang, C., Shang, H., Herzschuh, U., Erzinger, J., 2008,
Reduced early Holocene moisture availability in the Bayan Har Mountains,
northeastern Tibetan Plateau, inferred from a multi-proxy lake record:
Palaeogeography, Palaeoclimatology, Palaeoecology, 267, 59-76.
Mooney, H.A., Bullock, S.H., Ehleringer, J.R., 1989, Carbon isotope ratios of
plants of a tropical dry forest in Mexico: Functional Ecology, 3, 137-142.
Muller, B.J., Smith, A.J., Palmer, D., Ito, E., Forester, R.M., 2002, Assessing the
value of presence/absence data for ostracode-based paleoenvironmental
reconstructions: Washington D.C., American Geophysical Union, Spring
Meeting, May 28-31, 2002, Abstract #GS41A-08.
Mulroy, T.W., Rundel. P.W., 1977, Annual plants: adaptation to desert
environments: Bioscience 27, 109-114.
Nicholas, R.E., Battisti, D.S., 2008, Drought recurrence and seasonal rainfall
prediction in the Rio Yaqui Basin, Mexico: Applied Journal of Meteorology
and Climatology, 47, 991-1005.
Nunez, E.E., Macfadden, B.J., Mead, J.I., Baez, A., 2010, Ancient forests and
grasslands in the desert: diet and habitat of Late Pleistocene mammals
from Northcentral Sonora, Mexico: Palaeogeography, Palaeoclimatology,
Palaeoecology, 297, 391-400.
O’Leary, M.H., 1981, Carbon isotope fractionation in plants: Phytochemistry,
20, 553-567.
Ortega-Guerrero, B., Miranda, M.C., Garcia, S.L., De la O Villanueva, M., 1999,
Paleoenvironmental record of the last 70 000 yr in San Felipe Basin, Sonora
Desert, Mexico: preliminary results: Geofísica Internacional, 38, 1-11.
Ortega-Ramírez, J.R., Valiente-Banuet, A., Urrutia-Fucugauchi, J., MorteraGutiérrez, C.A., Alvarado-Valdez, G., 1998, Paleoclimatic changes during
the late Pleistocene - Holocene in Laguna Babícora, near the Chihuahuan
Desert, México: Canadian Journal of Earth Science, 35, 1168-1179.
Orvis, K.H., 1998, Modern surface pollen from three transects across the
southern Sonoran Desert margin, northwestern Mexico: Palynology,
22, 197-211.
Oswald, J.A., Steadman, D.W., 2011, Late Pleistocene passerine birds from
Sonora, Mexico: Palaeogeography, Palaeoclimatology, Palaeoecology,
301, 56-63.
Ourso, R.T., Horning, C.E., 2000, Stream and Aquifer Biology of South Central
Texas-A Literature Review, 1973-97: Washington D.C., United States
Geological Survey, Open File Report 99-243, 45 pp.
Palacios-Fest, M.R., Dettman, D.L., 2001, Temperature controls monthly
variation in Ostracode valve Mg/Ca: Cypridopsis vidua from a small lake
in Sonora, Mexico: Geochimica et Cosmochimica Acta, 65, 2499-2507.
Palacios-Fest, M.R., Carreño, A.L., Ortega-Ramírez, J.R., Alvarado-Valdez.,
G., 2002, A paleoenvironmental reconstruction of Laguna Babicora,
Chihuahua, Mexico based on ostracode paleoecology and trace element
shell chemistry: Journal of Paleolimnology, 27, 185-206.
Paz-Moreno, F.A., Demant, A., Cochemé, J.-J., Dostal, J., Montigny, R., 2003,
The Quaternary Moctezuma volcanic field: a tholeiitic to alkali basaltic
episode in the central Sonoran Basin and Range Province, México, in
Johnson, S.E., Paterson, S.R., Fletcther, J.M., Girty, G.H., Kimbrough, D.L.,
Martin-Barajas, A., (eds), Tectonic evolution of northwestern México and
the southwestern USA: Geological Society of America, Geological Society
of America Special Paper 374, Boulder, Colorado, 439-455.

252

Pérez, L., Curtis, J., Brenner, M., Hodell, D., Escobar, J., Lozano, S., Schwalb,
A., 2013, Stable isotope values (δ18O & δ13C) of multiple ostracode species
in a large Neotropical lake as indicators of past changes in hydrology:
Quaternary Science Reviews, 66, 96-111.
Pérez-Crespo, V.A., Arroyo-Cabrales, J., Benammi, M., Johnson, E., Polaco, O.J.,
Santos-Moreno, A., Morales-Puente, P., Cienfuegos-Alvarado, E., 2012,
Geographic variation of diet and habitat of the Mexican populations of
Columbian Mammoth (Mammuthus columbi): Quaternary International,
276-277, 8-16.
Pérez-Crespo, V.A., Arroyo-Cabrales, J., Alva-Valdivia, L.M., Morales-Puente, P.,
Cienfuegos-Alvarado, E., Otero, F.J., 2016, Inferences of feeding habits of
Late Pleistocene Equus sp. from eight Mexican localities: Neues Jahrbuch
für Geologie und Paläontologie, 279, 107-121.
Pieri, V., Caserini, C., Gomarasca, S., Martens, K., Rossetti, G., 2007, Water
quality and diversity of the Recent ostracod fauna in lowland springs from
Lombardy (northern Italy): Hydrobiologia, 585, 79-87.
Pigati, J.S., Bright, J.E., Shanahan, T.M., Mahan, S.A., 2009, Late Pleistocene
paleohydrology near the boundary of the Sonoran and Chihuahuan
Deserts, southeastern Arizona, USA: Quaternary Science Reviews, 28,
286-300.
Pigati, J.S., Miller, D.M., Bright, J.E., Mahan, S.A., Nekola, J.C., Paces, J.B., 2011,
Chronology, sedimentology, and microfauna of groundwater discharge
deposits in the central Mojave Desert, Valley Wells, California: Geological
Society of America Bulletin, 123, 2224-2239.
Quade, J., Forester, R.M., Whelan, J.F., 2003, Late Quaternary paleohydrologic
and paleotemperature change in southern Nevada, in Enzel, Y., Wells,
S.G., Lancaster, N., (eds.), Paleoenvironments and paleohydrology of the
Mojave and southern Great Basin Deserts: Geological Society of America
Special Paper 368, Geological Society of America, Boulder, CO, 165-188.
Reheis, M., Miller, D.M., McGeehin, J.P., Redwine, J.R., Oviatt, C.G., Bright,
J., 2015, Directly dated OIS-3 lake-level record from Lake Manix, Mojave
Desert, California: Quaternary Research, 83, 187-203.
Romanek, C.S., Grossman, E.L., Morse, J.W., 1992, Carbon isotopic fractionation
in synthetic aragonite and calcite: effects of temperature and precipitation
rate: Geochimica et Cosmochimica Acta, 56, 419-430.
Roy, P.D., Caballero, M., Lozano, R., Ortega, B., Lozano, S., Pi, T., Israde, I.,
Morton, O., 2010, Geochemical record of Late Quaternary paleoclimate
from lacustrine sediments of paleo-lake San Felipe, western Sonora Desert,
Mexico: Journal of South American Earth Sciences, 29, 586-596.
Roy, P.D., Caballero, M., Lozano, S., Morton, O., Lozano, R., Jonathan, M.P.,
Sánchez, J.L., Macías, M.C., 2012, Provenance of sediments deposited at
paleolake San Felipe, western Sonora Desert: implications to regimes of
summer and winter precipitation during the last 50 kyr BP: Journal of
Arid Environments, 81, 47-58.
Schwalb, A., Burns, S.J., Cusminsky, G., Kelts, K., Markgraf, V., 2002, Assemblage
diversity and isotopic signals of modern ostracodes and host waters from
Patagonia, Argentina: Paleogeography, Palaeoclimatology, Palaeoecology,
187, 323-339.
Smith, A.J., Delorme, L.D., 2010, Ostracoda, in Thorpe, J.H. , Covich, A.P., (eds.),
Ecology and Classification of North American Freshwater Invertebrates:
Elsevier Inc., London, 725-771.
Steadman, D.W., Mead, J.I., 2010, Late Pleistocene bird community at the
northern edge of the Tropics in Sonora, Mexico: American Midland
Naturalist, 163, 423-441.
Stute, M., Schlosser, P., Clark, J.F., Broecker, W.S., 1992, Paleotemperatures in
the southwestern United States derived from noble gases in ground water:
Science 256, 1000-1003.
Sunday, J.M., Bates, A E., Dulvy, N.K., 2011, Global analysis of thermal
tolerance and latitude in ectotherms: Proceedings of the Royal Society
B, 278, 1823-1830.
Szabo, B.J., Kolesar, P.T., Riggs, A.C., Winograd, I.J., Ludwig, K.R., 1994,
Paleoclimatic inferences from a 120,000-yr calcite record of water-table
fluctuation in Browns Room of Devils Hole, Nevada: Quaternary Research,
41, 59-69.
Tressler, W.L., 1949, Fresh-water ostracoda from Brazil: Proceedings of the
United States National Museum, 100, 61-83.
Turpen, J.B., Angel, R.W., 1971, Aspects of molting and calcification in the
ostracod Heterocypris: Biological Bulletin, 140, 331-338.
Van Devender, T.R., 1990, Late Quaternary vegetation and climate of the

RMCG | v. 33 | núm. 2 | www.rmcg.unam.mx

Paleoenvironmental reconstruction for the Térapa vertebrate site
Sonoran Desert, United States and Mexico, in Betancourt, J.L., Van
Devender, T.R., Martin, P.S., (eds.), Packrat Middens: University of Arizona
Press, Tucson, AZ, 135-165.
Van Devender, T.R., Felger, R.S., Burquez, M.A., 1997, Exotic plants in the
Sonoran Desert Region, Arizona and Sonora: California Exotic Pest Plant
Council, 1997 Symposium Proceedings, 6 pp.
Venable, D.L., Pake, C.E., 1999, Population ecology of Sonoran Desert annual
plants, in Robichaux, R.H., (ed.), Ecology of Sonoran Desert plants and
plant communities: University of Arizona Press, Tucson, AZ, 155-142.
von Grafenstein, U., Erlernkeuser, H., Trimborn, P., 1999, Oxygen and carbon
isotopes in modern fresh-water ostracod valves: assessing vital offsets and
autecological effects of interest for paleoclimate studies: Palaeogeography,
Palaeoclimatology, Palaeoecology, 148, 133-152.
Wagner, J.D.M., Cole, J.E., Beck, J.W., Patchett, P.J., Henderson, G.M., Barnett,
H.R., 2010, Moisture variability in the southwestern United States linked
to abrupt glacial climate change: Nature Geoscience, 3, 110-113.
Wells, S.G., Brown, W.J., Enzel, Y., Anderson, R.Y., McFadden, L.D., 2003,
Late Quaternary geology and paleohydrology of pluvial Lake Mojave,
southern California, in Enzel, Y., Wells, S.G., Lancaster, N., (eds.),
Paleoenvironments and paleohydrology of the Mojave and southern
Great Basin Deserts: Geological Society of America Special Paper 368,
Boulder, Colorado, 79-114.
Wetterich, S., Schirrmeister, L., Meyer, H., Viehberg, F.A., Mackensen, A., 2008,
Arctic freshwater ostracodes from modern periglacial environments in
the Lena River Delta (Siberian Arctic, Russia): geochemical applications
for palaeoenvironmental reconstructions: Journal of Paleolimnology,
39, 427-449.

RMCG | v. 33 | núm. 2 | www.rmcg.unam.mx

Widga, C., Walker, J.D., Stockli, L.D., 2010, Middle Holocene Bison diet and
mobility in the eastern Great Plains (USA) based on δ13C, δ18O, and 87Sr/86Sr
analyses of tooth enamel carbonate: Quaternary Research, 73, 449-493.
Wright, W.E., Long, A., Comrie, A.C., Leavitt, S.W., Cavazos, T., Eastoe, C., 2001,
Monsoonal moisture sources revealed using temperature, precipitation,
and precipitation stable isotope timeseries: Geophysical Research Letters,
28, 787-790.
Xia, J., Ito, E., Engstrom, D.R., 1997, Geochemistry of ostracode calcite: Part
1. An experimental determination of oxygen isotope fractionation:
Geochimica et Cosmochimica Acta, 61, 377-382.
Zanazzi, A., Kohn, M.J., 2008, Ecology and physiology of White River mammals
based on stable isotope ratios of teeth: Palaeogeography, Palaeoclimatology,
Palaeoecology, 257, 22-37.

Manuscript received: February 24, 2016
Corrected manuscript received: June 16, 2016
Manuscript accepted: June 16, 2016

253

