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ABSTRACT

Aridification is often considered a major driver of long-term ecological change and
hominin evolution in eastern Africa during the Plio-Pleistocene. However, this hypothesis
remains inadequately tested due to difficulties in reconstructing terrestrial paleoclimate. We
present a revised aridity index for quantifying water deficit in terrestrial environments using
tooth enamel 5'°O values, and we use this approach to address paleoaridity over the past 4.4
million years in eastern Africa. We find no long-term trend in water deficit, consistent with other
terrestrial climate indicators in the Omo-Turkana Basin, and no relationship between paleoaridity
and herbivore paleodiet structure among fossil collections meeting the criteria for water deficit
estimation. Thus, we suggest that changes in the abundance of C4 grass and grazing herbivores in
eastern Africa during the Pliocene and Pleistocene may have been decoupled from aridity. As in
modern African ecosystems, other factors such as rainfall seasonality or ecological interactions
among plants and mammals may be important for understanding the evolution of C4 grass- and

grazer-dominated biomes.



SIGNIFICANCE STATEMENT.

Oxygen isotopes in modern and fossil mammals can provide information on climate. In
this study, we provide a new record of aridity experienced by early hominins in Africa. We show
that past climates were similar to the climate in eastern Africa today, and that early hominins
experienced highly variable climates over time. Unexpectedly, our findings suggest that the long-
term expansion of grasses and grazing herbivores since the Pliocene, a major ecological
transformation thought to drive aspects of hominin evolution, was not coincident with
aridification in northern Kenya. This finding raises the possibility that some aspects of hominin
environmental variability may have been uncoupled from aridity, and may instead be related to

other factors such as rainfall seasonality or ecological interactions among plants and mammals.



\body
A central challenge of human evolutionary studies is understanding the role of climatic change in

shaping early hominin environments and selective pressures (1, 2). Aridity influences the
distribution and abundance of vegetation in African environments (3), and changes in aridity
over both long and short time scales have been suggested to drive changes in hominin
environments leading to adaptation, dispersal, speciation, and extinction (2, 4, 5). The notion that
aridity may have driven certain adaptations has been fundamental to discussions of hominin
evolution since 1925 (6), and continues to feature prominently in studies addressing changes in
hominin locomotion, body proportions, thermoregulation, food acquisition, tool use, and social
organization (7-10).

Changes in African climate are driven principally by changes in Earth’s orbital geometry,
which has been documented in the geologic past using marine and continental sedimentary
records (4, 11-15). Marine core records of dust, leaf wax biomarkers, pollen, and sapropels
indicate long-term aridification across Africa since the late Miocene (4, 12, 14, 16-18), which
has been linked to global cooling (19), changes in ocean circulation and temperature gradients
(20), high latitude glaciation (4), low latitude atmospheric circulation (14), and tectonic uplift
(21). Increasing aridity has been thought to drive the origin and subsequent expansion of Cy4
plants (grasses and sedges) (22). The long-term increase in abundance of C4 plants throughout
the Pliocene and Pleistocene is well documented in eastern Africa using carbon isotope ratios in
pedogenic carbonates and leaf wax biomarkers (23, 24) and coincides with increasing reliance on
Cy4-based resources among mammals, including hominins and other primates (25, 26). Variation
in the timing of vegetation change across basins indicates that existing continental- and regional-
scale climate records are not sufficient to understand the drivers of basin- and local-scale

ecological change, and do not reflect local hominin environments (23, 27). Evidence for



vegetation changes with precession-scale timing suggests direct climate forcing of such changes
over thousands of years (28, 29), but drivers of environmental change may not be equivalent at
short versus long time scales and may also vary through time.

Uncertainties in the relationships between climate and hominin environments stem in part
from problems in reconstructing terrestrial aridity. Terrestrial climate indicators commonly used
in eastern Africa, including the isotopic composition of pedogenic carbonates (21, 27, 30),
mammal taxonomy (31-33) and morphology (34), provide valuable insights into past
environments but are sensitive to multiple environmental and evolutionary changes such that it
can be difficult to identify the specific role of aridity. Additionally, existing faunal records (31-
34) typically combine fossils from multiple sites and may integrate relatively long (but varying)
periods of time. Other climate proxies, such as the deuterium isotope composition of leaf wax
biomarkers (17) and fossil leaf morphology (35) have not been widely applied in Pliocene-
Pleistocene sequences in Africa.

In the present study, we address paleoaridity using oxygen isotope ratios (8'0) in
herbivore tooth enamel. Our goal is to investigate the role of climate in shaping hominin
environments over the past 4.4 million years, concentrating on individual stratigraphic horizons
associated with hominin fossil and archaeological material. We focus on the Omo-Turkana
Basin, where sediments preserve abundant evidence of early hominin evolution and associated
environments throughout the Pliocene and Pleistocene. The environmental history of this basin is
not necessarily representative of eastern Africa (1), but nonetheless provides a useful study
system for investigating interactions between climate and ecology. A major benefit of analyzing
herbivore tooth enamel is the possibility of comparing paired oxygen and carbon isotope records

from the same fossil collections where hominin specimens or stone tools have been found,



providing indicators of climate and ecology at spatial scales directly relevant to hominin
environments. However, we cannot address short-term orbital scale environmental variability,
due to discontinuous sedimentation associated with terrestrial vertebrate fossil collections.

Our geochemical approach for quantifying aridity in tropical African ecosystems relies
on differing oxygen isotopic effects among taxa that are evaporation-sensitive (ES) and
evaporation-insensitive (EI) (36, 37). This method, which builds on earlier work that focused on
oxygen isotope variation among individual taxa (38-42), relies on a comparison of multiple taxa
and simultaneously accounts for isotopic variation related to changes in both climate and
environmental water. This proxy has advantages over previously used paleoaridity indicators
because it is largely insensitive to changes in: (i) vegetation, which control mammal taxonomic
abundances, diet, and carbon isotopic records from tooth enamel, soil carbonates, and leaf wax
biomarkers; (ii) moisture source, soil temperature, and elevation, which influence oxygen
isotopic records reflecting meteoric water such as soil carbonates and leaf wax biomarkers; and
(iii) mammal physiology and behavior, which affect oxygen isotopic records of individual
species. Previous applications of this approach to the African fossil record have been hampered
by uncertainties in the selection of appropriate taxa and the unavailability of appropriate fossil
collections.

Aridity is expressed as water deficit, which describes the annual difference (mm/y)
between water loss (evaporation and transpiration) and gain (precipitation) and is a useful
indicator of water availability in African ecosystems (43, 44). '*0 values in large mammalian
herbivore tooth enamel are in equilibrium with body water, which reflects oxygen inputs from
food, drinking water, and air, and ultimately relate to meteoric (precipitation-derived) water (45).

In the tropics, the oxygen isotopic composition of meteoric water relates to rainfall amount,



elevation, and moisture source (46). Evaporation enriches remaining water in the heavy isotope
10 relative to source water, such that aridity can be quantified by comparing one isotopic record
that tracks meteoric water with another that tracks evaporative enrichment (36, 37).

The aridity index (36) is based on regressions between water deficit and the oxygen
isotopic enrichment between tooth enamel and local meteoric water (€enamel-mw). Mammalian
herbivore taxa for which €epamel-mw Increases with water deficit are classified as ES, and taxa for
which €epamel-mw does not change with water deficit are classified as EI. Meteoric water cannot be
measured directly in the fossil record; therefore, these relationships can be extended to the fossil
record to predict water deficit by using 8'°0 values of EI taxa to represent meteoric water
because egs_grand egs-mw track aridity (36). Applying the aridity index to the fossil record requires
the assessment of appropriate taxa, geological context, diagenetic alteration, and sample size (SI
Appendix).

To revise the aridity index, we present a compilation of new and previously published
8'%0 values (n = 1224 in 57 species) measured on tooth enamel from modern mammalian
herbivores from 37 locations in eastern and central Africa (Fig. 1), climate data and water deficit
estimates for each location, and 8'*0 values in meteoric water (n = 161) from 33 of these
locations (Table S1, Datasets S1-2). Our compilation significantly expands on a previously
published dataset (36) and includes 8'°0O data from many more locations and taxa, and it also
expands the water deficit scale due to the correction of a mathematical error in calculating
potential evapotranspiration (Fig. S1; SI Appendix). To address paleoaridity in eastern Africa,
we present a compilation of new and previously published mammalian herbivore 8'*Ocnamel
values (n = 273) from 26 fossil collections (Fig. 1) 4.4 to 0.01 million years in age, which were

chosen based on the potential for addressing paleoaridity and association with hominin fossil and



archaeological material (Dataset S3). We use a subset of 8'*Oepame values (n = 160) from 11
fossil collections in the Omo-Turkana Basin, including specimens from the Kanapoi, Koobi
Fora, Nachukui, and Kibish Formations (Fig. 1, Fig. S3), that meet criteria for the application of
the aridity index to evaluate long-term changes in paleoaridity in this basin. We also estimate
paleoaridity using previously published 8'*Oepame values from two eastern African fossil
collections outside the Turkana Basin that meet criteria for applying this method, including
Aramis, Ethiopia (4.4 Ma) and Kanjera South, Kenya (2.0 Ma). Finally, we investigate the
relationship between aridity and ecosystem structure in eastern Africa using a compilation of
previously published modern mammalian herbivore tissue 8'°C values (n > 1600) (25) and a
compilation of new and previously published fossil tooth enamel §"°C values (n = 658) from

fossil collections with paleoaridity estimates.

RESULTS AND DISCUSSION

Terrestrial aridity proxy. Across modern localities, water deficit increases non-linearly with
decreasing mean annual precipitation (logarithmic regression, r* = 0.7546, p < 0.0001) and
increasing mean annual temperature (quadratic polynomial regression, r* = 0.6829, p < 0.0001)
(Fig. S1). €enamel-mw Values for Hippopotamidae, Elephantidae, and Rhinocerotidae do not vary
with water deficit and these taxa are classified as evaporation insensitive (Fig. 2A). €enamel-mw
values for Giraffidae, Hippotragini, and Tragelaphini increase with water deficit and these taxa
are classified as evaporation sensitive (Fig. 2B). The slopes of WD-¢ggs.my regressions vary
significantly from each other (p < 0.05, F-test), except for Giraffidae and Hippotragini (p > 0.05,
F-test). Despite preliminary observations to the contrary (36), the addition of more locations in

this dataset reveals that Antilopini, Bovini, and Neotragini should be excluded from the ES



category (Fig. 2C). Other sampled bovids, suids, and equids (Fig. 2C) have no significant
relationship with water deficit (p > 0.05), except Cephalophini (p < 0.05), which are not
considered further due to €cname-mw Values that are more variable and/or span a restricted water
deficit range. Additional data are needed to address variability in €enamel-mw Values across bovid
genera, although many bovid fossils are identifiable only to tribe.

We use a body water model to identify possible physiological and behavioral
mechanisms driving the relationship between €epamel-mw and water deficit among EI and ES taxa
(see Supplementary Materials). A static oxygen budget, where body water is only influenced by
changes in the isotopic composition of oxygen influxes rather than changes in the balance of
influxes, is inconsistent with €cnamel-mw Of €ither ES or EI taxa (Fig. S2C and D). Therefore, %0
enrichment of leaf water in arid environments is insufficient to explain the relationship between
€enamel-mw Values and water deficit among ES taxa. Instead, sensitivity to evaporation likely relates
to differences in drinking behavior and associated changes in the balance of oxygen influxes as
the environment varies. Predicted €cnamel-mw Values suggest that EI taxa reflect meteoric water as
aridity increases due to a balance between increasing drinking water and decreasing food water
(Fig. S2C), and ES taxa track increasing aridity due to a balance between decreasing drinking
water and increasing intake of food water and O, (both of which are sensitive to evaporation)
(Fig. S2D).

The aridity index is the relationship between water deficit and the enrichment between
ES and EI taxa (egs-gr). Significant WD-ggs gy regressions (p < 0.05) that can be used to estimate
paleoaridity include €giraffid-Hippopotamidae, ETragelaphini-Hippopotamidacs EHippotragini-Hippopotamidaes €Tragelaphini-
Elephantidac, AN E€Tragelaphini-Rhinocerotidac (F1g. 3 and Table S4). The standard errors of these regression

models are relatively low (=193 mm/y to +£478.1 mm/y) and coefficients of determination are



high (r* = 0.81 to 0.92), and as a result these models have sufficient predictive power to estimate
paleoaridity in the fossil record. Slopes are different among WD-¢gs_g; regressions (p < 0.05, F
test); therefore, a pooled or common slope as previously suggested (36) is not appropriate. We
use the mean of water deficit values calculated with WD-ggs_gr regressions for all available ES-EI
pairs from each fossil collection. Uncertainty in WD estimates (~800 mm/y) corresponds to
~20% of the WD range in modern eastern African environments, sufficient to detect long-term
trends in Turkana (SI Appendix). Other WD-¢egs g regressions are not significant (p > 0.05) and

should not be used to estimate paleoaridity.

Paleoaridity. Oxygen isotope analyses of fossil tooth enamel for paleoaridity estimation were
restricted to fossil collections with well-defined stratigraphic and sedimentological context and
the preservation of appropriate ES and EI taxa. Among all fossil collections used to evaluate
paleoaridity, we find highly variable conditions including both mesic (WD < 0) and arid (WD >
0) climates that fall within a WD range (~ -550-1700 mm/y) encompassing ~61% of the modern
range (Fig. 4 and Fig. S4). The mean water deficit estimated by fossil tooth enamel is 471 mm/y,
which is similar to (p > 0.05) present-day mean water deficit in eastern and central Africa (251
mm/y) (Figs. S1 and S4, Tables S1 and S3). Among fossil collections from the Omo-Turkana
Basin, we detect no long-term trend in water deficit between ~4.2 and 0.01 million years ago (p
>0.05) (Fig. 4).

The paleoaridity record (Fig. 4 and Fig. S4) begins in the Pliocene with a highly
uncertain estimate of arid conditions associated with Ardipithecus ramidus fossils from the
Lower Aramis Member, Sangatole Formation (~4.4 Ma) (47). In the Omo-Turkana Basin, we

find arid conditions at Kanapoi (~4.16 Ma) and a highly uncertain estimate of mesic conditions
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at Allia Bay (~4.0 Ma), both associated with Australopithecus anamensis (48) and pedogenic
carbonate 3'°C values indicative of vegetation ranging from woodland/bushland/shrubland to
wooded grassland (49). Mid- to late-Pliocene (~3.5-2.8 Ma) fossil collections in Turkana
indicate variable conditions that include arid (Kangatukuseo KU1) and arid to mesic (Lomekwi
LO4/5) climates, associated with pedogenic carbonate 8"°C values indicating woody cover
including woodland/bushland/shrubland (Fig. 4) (49). This time interval in Turkana includes
fossils of the hominin genera Kenyanthropus and Paranthropus (Table S2). The early
Pleistocene (~2.5-1.5 Ma) is represented in the Turkana Basin by fossil assemblages in the upper
Burgi Member of the Koobi Fora Formation as well as the Kaito Member of the Nachukui
Formation, which indicate arid (FwJj20 and Kalochoro KL3/6, Naiyena Engol NY2/3), nearly
balanced (Kokiselei KS2 and Kangatukuseo KU2/3), and mesic (Kokiselei KS1) conditions.
Pedogenic carbonate 5"°C values indicate that relatively open vegetation, including wooded
grasslands, became more prevalent during this time interval in Turkana (49), which includes an
abundant fossil record of Homo and Paranthropus (Table S2). Mesic conditions prevailed at
Kanjera South KS-2 in southwestern Kenya, associated with an open grassland ecosystem (50).
Archaeological occurrences at Kanjera South, as well as in the Nachukui and Koobi Fora
Formations in the Turkana Basin, demonstrate that Oldowan toolmaking hominins inhabited
mesic and arid environments (Fig. S4). The late Middle Pleistocene to Holocene (~0.2-0.01 Ma)
is represented in the Turkana Basin by fossil assemblages in the Kibish Formation, which
indicate arid conditions in Member 4 and arid to mesic conditions in Member 1. Fossils
identified as Homo sapiens (Omo I and Omo II) are from Member 1, and other human specimens

are derived either from Member 3 or 4 (Table S2). Water deficit estimates in Members 1 and 4
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are substantially lower than Turkana today, consistent with deposition during relatively humid

periods associated with high lake levels and sapropel formation intervals (51).

Relationships between climate and ecology. To understand the significance of aridity for
shaping hominin environments in eastern Africa, we further consider the relationship between
climate and ecology in modern African ecosystems. Vegetation in Africa is shaped by complex
interactions between multiple abiotic (rainfall amount and seasonality, fire, atmospheric pCO,)
and biotic (herbivory) factors, and the relative importance of these factors is contingent on the
ecological history of each area (52-54). Although woody cover is constrained by aridity (55),
vegetation does not respond in a direct or continuous manner to changes in annual rainfall, and
each biome (forest, savanna, grassland) is distributed over a wide rainfall range (1000-3000
mm/y) (52, 56, 57). We find that among modern eastern and central African ecosystems, the
proportion of C4 grazers increases with water deficit (p = 0.00536, r* = 0.262) and the proportion
of C; browsers decreases with water deficit (p = 0.021, r* = 0.1884) (Fig. 5). However, these
correlations are weak, and during the Pliocene-Pleistocene forests were rare in the Turkana Basin
(25, 27,49, 58) and elsewhere in eastern Africa (23). After excluding forests, we find no
relationship between water deficit and the proportional abundance of each diet guild (Fig. 5).
Thus, although the abundance of C,4 plants and Cy4 grazing herbivores are often used as an
indicators of aridity (21, 30), variation in C4 biomass among non-forest biomes can be decoupled
from aridity.

Paleoaridity records from §'*0 of tooth enamel provide a means to investigate links
between climate and ecology in hominin environments, but are also highly discontinuous due to

the incompleteness of the terrestrial fossil record, compounded in this case by the scarcity of
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fossil assemblages meeting the criteria for applying the aridity index. We address this problem in
three ways. First, we examine the fidelity of long-term environmental records derived from the
fossil collections used for paleoaridity analysis. The long-term increase in the proportion of C,4
grazers among Artiodactyla-Perissodactyla-Proboscidea over the Pliocene-Pleistocene in the
Omo-Turkana Basin is similar (p > 0.05, F test) when calculated using tooth enamel §"°C values
from paleoaridity fossil collections (p = 0.02324, r* = 0.3868) or from a larger fossil tooth
enamel 5"°C dataset divided into long time bins (>100 ka) (p = 0.0006911, r* = 0.7391) (Fig. S5).
Therefore, it is possible to recover first-order environmental trends using fossils from these
discontinuous depositional intervals.

Second, we compare our water deficit record with previously published geological and
faunal-based reconstructions of terrestrial paleoclimate in Turkana with varying time
representation and analytical biases. There are no trends in paleoclimate based on paleosol calcic
depth, mammal hypsodonty and lophedness (k-nearest neighbor model), or bovid tribe
abundance (Fig. S6). Estimated precipitation decreases over time based on mammal community
structure (p = 0.03258, r* = 0.2295) and mammal hypsodonty and lophedness (linear regression
model) (p = 0.004477, r* = 0.0583), but these trends are weak and based on proxies influenced
by evolutionary and dietary change, respectively, that may not be related to aridity (Fig. S6).
Taken together, evidence for marked long-term aridification in the Turkana Basin is weak.

Third, we examine the relationship between water deficit and ecology in the fossil record,
irrespective of time. There are no relationships (p > 0.05) between water deficit and the
proportion of Cy4 grazers, C3-C4 mixed feeders, or C; browsers (Fig. 5 and Table S4). Due to the
lack of suitable fossil collections for the application of our tooth enamel aridity proxy, we do not

address climate prior to ~4 Ma. The Late Miocene appears to have been more humid in Turkana
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and elsewhere (34), although aridification prior to ~4 Ma predates the long-term increase in Cs4
vegetation and C,4 grazing mammalian herbivore that continues throughout the Pliocene and
Pleistocene (25, 27).

Despite coarse time resolution associated with the tooth enamel 8'*O water deficit
calculations, we suggest that the Pliocene-Pleistocene expansion in C4 plants and C4 grazing
herbivores appears not to be coincident with significant long-term aridification in the Omo-
Turkana Basin (Fig. 4, Fig. S6). The possibility of a smaller long-term increase in aridity,
undetected due to uncertainty in water deficit estimates, cannot be discounted but would not
necessarily have been a major environmental driver since ecological feedbacks in African
biomes inhibit vegetation responses to climate change (52-54). Thus, the cause of the major
long-term expansion of C4 biomass within Turkana and elsewhere remains unclear, but may
relate climatic and ecological dynamics unrelated to annual water deficit and that need not be
equivalent across basins or regions (1, 23, 25). Our results do not preclude the possibility of
climate-driven change in hominin environments generally, but highlight the need to address
possible variability in the determinants of environmental change in different areas, as basins do
not necessarily respond in a straightforward way to continental- and regional-scale aridification.
Similarly, previous paleosol and leaf wax biomarker paleovegetation studies demonstrate that the
timing and magnitude of the expansion of C,4 plants is not uniform across eastern and
northeastern Africa (23, 27, 59). Thus, climatic and ecological dynamics appear to vary across
basins, and regional-scale climate proxies must be contextualized by terrestrial, basin-scale
environmental records most relevant to hominin evolution.

Our aridity record is consistent with the notion that climate instability may be an

important driver of hominin evolution (2, 30). Arid conditions were prevalent during two large
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lake intervals ~4.0 and 2.0 Ma (Fig. 4), consistent with climate variability including periods of
increased aridity occurring within generally humid periods characterized by widespread lake
formation (30). Orbital-scale environmental change has been demonstrated using leaf wax
biomarkers from Early Pleistocene lake sediments at Olduvai Gorge, suggesting a direct link
between rainfall and changes in the balance of woody and grassy vegetation (28). This case, and
other episodes of climate-driven vegetation change (29, 60), are entirely consistent with
ecological dynamics in cases where woody cover is not constrained by other factors, or when
drastic changes in precipitation, particularly during periods of heightened climatic variability,
exceed thresholds for stable biome states otherwise maintained by herbivory, fire, or other

factors (44, 53).

Aridity and human evolution. Our paleoaridity record demonstrates that hominins were able to
accommodate variable environments throughout the Pliocene-Pleistocene in eastern Africa, and
is consistent with the notion that biological and behavioral changes in hominins, including
upright posture, hair loss, sweating, and long-distance scavenging or running, may relate to
thermophysiological challenges associated with surviving periodically arid conditions and high
heat loads (58). The relative abundance of C; woody vegetation during the Pliocene (Fig. 4) is
consistent with the notion that early bipedal hominins could have relied on areas with shade-
providing plants that may have reduced water- and heat-stress. Archaeological occurrences in
Turkana during the early Pleistocene (~2.4-1.4 Ma) are preferentially associated with lower §'"°C
values of paleosol carbonate compared to those from non-archaeological deposits, indicating that
hominins concentrated their activities in more wooded areas (61). In contrast, archaeological

occurrences at Kanjera South, southwestern Kenya (2.0 Ma) demonstrate hominins repeatedly
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using an open grassland (50) when aridity was low (Fig. S4). Thus, early hominin land use
patterns were likely structured by the interplay between aridity and vegetation, such that the
exploitation of increasingly open C4-dominated ecosystems may have been limited during

periods of high aridity due to constraints on the availability of water and shade.

Conclusions

Our findings demonstrate how mammal tooth enamel §'*0 values can be used to quantify
paleoaridity directly associated with the hominin fossil and archaeological record. Water deficit
values estimated from fossil tooth enamel 3'°O values suggest that early hominins experienced
highly variable climatic conditions within the range of present-day environments in the region,
and could accommodate arid conditions as early as ~4.2 million years ago. The modern
hyperarid climate in Turkana is not a useful analog for paleoaridity in the basin. The lack of
evidence for marked, long-term aridification, and the absence of any relationship between aridity
and herbivore diet structure, suggests that other abiotic or biotic determinants may have driven
long-term ecological restructuring in the Omo-Turkana Basin. The complex interplay of ecology
and behavior suggests that disentangling the influence of climate on the evolution of humans and
other mammals remains a significant challenge. Future inter- and intra-basinal studies are needed
to investigate relationships between changing basinal geometry, biogeography, climate,

depositional setting, ecology, and evolution.

Methods and materials

Additional details on isotopic and statistical methods, water deficit calculations, models of leaf

water, leaf cellulose, and body water 8'%0, and an expanded discussion on criteria for the

16



application of the aridity index are provided in the SI. Modern meteoric water samples were
compiled from the literature (see Dataset S1). Modern and fossil samples of mammalian tooth
enamel were analyzed for 8'°0 using standard methods, or were compiled from the literature (SI
Appendix and Datasets S2 and S3). Information on the geological context of fossil specimens is

available in the SI and Dataset S3.
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Figure Legends

Figure 1. Map of study area. (A), Detailed map of fossil exposures (red areas) and sites (red
circles) and drainages associated with the Nachukui Formation, west of Lake Turkana. (B) Fossil
collection sites and formations in the Omo-Turkana Basin. (C) Map of Africa with sampling
locations for modern teeth and meteoric water (white circles) and fossil sites (red circles).

Figure 2. Isotopic enrichment between enamel and meteoric water (€enamel-mw) among eastern and
central African herbivores. (A), evaporation insensitive (EI) taxa, (B), evaporation sensitive (ES)
taxa, and (C), other bovid, equid, and suids. Error bars represent propagated standard error of
€enamel-mw Values. Data compiled in Datasets S1 and S2.

Figure 3. Isotopic enrichment (egs_gr) between modern ES and EI taxa. egs.gr calculated using
mean &' *Oenamer values of sampled ES taxa (rows) and EI taxa (columns) from eastern and central
Africa. Dashed lines show significant WD-ggs gy regressions (see Table S4). Error bars represent
propagated standard error of egs 1. Calculated from values given in Dataset S2.

Figure 4. Compilation of data indicating aspects of climate and ecology over the past 5 million
years in the Omo-Turkana Basin. (A) Paleoaridity estimates, with error bars indicating age
uncertainty and propagated standard error of mean water deficit estimates using all available
combinations of ES and EI taxa (see Table S3). (B) Deep lake intervals (62). (C) Paleosol
carbonate clumped-isotope temperatures (63). (D) Carbon isotope values of pedogenic
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carbonates (813Cpc) (64). There is a trend towards increasing 8'°C values over time (p < 0.0001,
r* =0.2442). (E) Percent C,4 grazers among Artiodactyla-Perissodactyla-Proboscidea (APP).
There is a trend towards including proportion of C4 grazers over time (p < 0.001, 7 = 0.7391).
(F) A schematic timeline showing appearances of major hominin behaviors and taxa in eastern
Africa (see note in SI).

Figure 5. WD (mm/y) and the proportion of C,4 grazers, Cs3-C4 mixed feeders, and C; browsers
calculated using the average &'°C value of each taxon. (A) Modern collections in eastern and
central Africa. (B) Fossil collections in eastern Africa. Modern data (51, 65) and fossil data are
summarized in SI Appendix, Table S5 and compiled in SI Appendix, Dataset S4.

23



-

<. NACHUKUI FM._-~

o X

Rea

Kanapo
e 1

: SHUNGURA FM.

KOOBI FORA FM.

36°E

{10°N

1 0°



>

enamel-mw

€

enamel-mw

€

C

enamel-mw

€

enamel-mw

€

enamel-mw

€

enamel-mw

€

45
40
35
0

W

Hippopotamidae | Elephantidae Giraffidae Tragelaphini
45 1 PPOP 1 Elep 145 , a5t  Tragelap
40F T 140 % 40 2
£
35t *‘k 1L _.++¢ $35 gss— 2
30f e .? e 130 «® 30l = P=0.002126 fes p<0.001 |
r2=0.71 r2=0.82
Rhinocerotidae 0 1000 2000 Hippotragini 0 1000 2000
45 1 WD (mmly) z 45¢ 7 WD (mmly)
40 . 1 £a0f
354 +'+ SR 5 35) :
E ] S .~ p=0.002041 ]
30 w 30 07
-1000 O 1000 2000 -1000 0 1000 2000
WD (mmly) WD (mmly)
Bovidae Suidae
Aepycerotini Alcelaphini Phacochoerus Potamochoerus
45 ¢ T 145 s 45F £
£
40 i # ¢+ % 140 < 40 . + —
+ £ tep
sl 7 3 +++'+ ST 30 ﬁ [ #...: ]
sf i 130 @ 30f ELINCI 1
Antilopini Bovini Hylochoerus 0 1000 2000
45 {’ 145 g 45 £ meinertzhageni WD (mmfy)
40F * + W o 40 g 40p 1
asf 't ¥ M% ‘s S5t ]
i e o 5] . ¢
30 F T 130 W 30F (] ]
Cephalophini Neotragini -1000 0 1000 2000
45 3 145 WD (mmly)
40| T } 4 440
35 ;(' + ¢ 435
p = 0.04044 .
30 + 430 .
r?=0.92 Equidae
Reduncini 0 1000 2000 E. burchellii E. grevyi
45 1 WD (mm/y) s 457 E . i
£
40 Fo ] T 40¢ o T ]
. o ¢
351, .:wﬁ : § 35, $t } 1 t ]
L]
30 ° ] o 30 1 ]
-1000 O 1000 2000 -1000 0 1000 2000 0 1000 2000
WD (mmly) WD (mmly) WD (mmly)

145

40
35
30

45
40
35
30



8ES-EI

8ES-EI

8ES-EI

15
10

15
10

15
10

Hippopotamidae Elephantidae Rhinocerotidae
B A e e
[ p=0.002208 Ens _ 1E _ E

o081 p = 0.05341 p=0.106
E Ll 1k ]
F +‘+¢# i e t ¢ 1 ¢
- it R ]
L)
ml L L L L L L L o0 L L L L L L L O 0 L L L L L L L In)
[m) T T T T T T T [ T T T T T T T [ T T T T T T T ]
3 p < 0.0001 o 1L p <0.0001 1f  p=0.0005727
r2=0.88 r2=0.8911 2 =0.92
L e 1 1t
L]
4 ¢
* # 1Fde f 154 +
ml L L L L L L L o0 L L L L L L L O 0 L L L L L L L In)
e B ] A e
p =0.00711 _ _
e End p =0.2557 p=0.188
E i el JE E
| JF ° + J F + |
+ ¢ d * .
i i -, E I ++ ]

0 L L L L L L L O
-1000 O 1000 2000
WD (mmly)

0 Il Il Il Il Il Il Il (n|
-1000 O 1000 2000

WD (mml/y)

0 Il Il Il Il Il Il Il (n|
-1000 0 10002000

WD (mmly)

Tragelaphini Giraffidae

Hippotragini



Age 2

(Ma)

D

Vegetation

E

Herbivores

F

Hominin behavior and taxa

A B C
Climate
_I'I'I'I'_DI_'I'I_ L I I
—a— 1L
[ ———
i '_ -
B —D—_D_ _._—O—
L = — ]
L 4# | —o0= o ]
_o_ 4 -
—0— _0_—O—Q —0— :-
- —a— —O00=
—a— 1L
mesic arid It
_I.I.I.I.I.I 1 Lo lu o | FEEE S BT R
-2000 O 2000 30 35 40

Water Deficit (mm/y)

Temperature (°C)

-10

§1C,

(%o)

25 50 75
C, grazers (%)
among APP taxa

Homo sapiens
Middle stone age — = P
Homo erectus
Acheulean — Paranthropus
2 omnivory —
Oldowan — early Homo
Lomekwian
butchery? Pliocene
] australopiths
4 habitual __
i bipedality







Grazer (%)

w

Grazer (%)

Modern
100
80 o, O/ )
60 — -7
——e g 00 <
40 °-¥
20 46~
0 ° o
01 ®
T 1 1 T 7T
0 2000
WD (mmly)
Fossil
100
A A
80 - —A—
A
60 - _ApD
40 A
20 A
ey N
e I e e e
-2000 O 2000
WD (mmly)

—— excluding forests o grasslands

---- all biomes e savannas
o forests
100 H
2 80 —
g 80 §
- 60 - —
g ¢ 8
5 407 O o e ® g
> =
X 201035 - @
2 (X ]
0- IGBD T .I T * T
0 2000
WD (mmly)
. 100
< 80 <
[0} L
B 607 5
(9] A n
:5 40 ] *Aiﬁﬁ g
0} A =
X — m
s 20 A A
0 -
1 T 1 1T T 1
-2000 0 2000
WD (mmly)

100 @
80 o
) o °
60 1~ _
o~
R R
° S e
O_I 9 T —
0 2000
WD (mmly)
100
80
60
A
40 o —b—
- A
20 S
A
0_| T T T T 1
-2000 0 2000

WD (mmly)




SUPPLEMENTAL INFORMATION APPENDIX

Index:
1. Methods
1.  Isotopic analysis
2. Statistics
2. Ciriteria for the application of the aridity index
1. Choice of taxa
2. Geological context — deposition rate
3. Geological context — sedimentary environments
4.  Diagenesis
5. Sample size
Water deficit calculations
Leaf water and cellulose model
Body water model
Materials
Geological context
1.  Fossil collections in the Omo-Turkana Basin
2. Other fossil collections
8. Note on Fig. 4
9. Datasets
10. References
11. Tables
12. Figures

N Vn kAW

1. Methods.
1.1. Isotopic analysis. Stable oxygen isotope ratios '*0/'°0 are reported in permil (%o)
notation:

R
§180 = (ﬂ _ 1) + 1000 ()

standard

where R is '"*0/'°0. Isotopic ratios are reported using VSMOW (standard mean ocean
water) and VPDB (Vienna Pee Dee Belemnite) standards for waters (meteoric, body) and
tooth enamel carbonate, respectively. Oxygen isotope ratios can be converted to the
VPDB scale from the VSMOW scale using the following relationship (1):

818 0ysmow — 30.91 )
1.03091

18 —
8 OVPDB -



The enrichment (€) between two isotope values, independent of scale, is calculated using
the fractionation factor (a) (2). The fractionation factor is

op o = Ra_ 1000 +5, (3)
A”B T R T 1000 + 8

and isotopic enrichment is

€'a-p = (ap_p — 1) 1000 4)

where A and B refer to any two data groupings and the asterisk indicates that chemical
equilibrium is not assumed. Stable oxygen isotopes in tooth enamel carbonate were
measured by reacting enamel powder samples with 100% H3PO4 at 90 °C and analyzing
the resulting CO; on a dual inlet isotope ratio mass spectrometer (Finnigan MAT 252).
Modern and fossil internal laboratory reference standards that have been reacted at 25 °C
and 90 °C were used to correct for temperature-dependent fractionation in oxygen, using
o 9= 1.00725 for fossil tooth enamel and o 9= 1.00778 for modern tooth enamel (3).
Prior to isotopic analysis, modern and fossil tooth enamel were pretreated using standard
procedures to remove organic contaminants (3% H»0O,) and secondary exogenous
carbonates (0.1 M buffered acetic acid) (4, 5).

1.2. Statistics. Statistical analyses were performed in R (6) or following (7). Following
previous studies (8, 9), we propagated error in enrichment (€) values as the square root of
the sum of squares of standard deviations. Uncertainty in water deficit estimated in the
fossil record using a single ES-EI taxon pair is calculated by propagating uncertainty in
enrichment (¢) values, uncertainty in the slope of WD-¢gs g regressions, and uncertainty
in residuals of WD-¢egs g1 regressions (water deficit variance not explained by the
regression). Uncertainty in water deficit calculations in the fossil record using multiple
taxon pairs is calculated by further propagating the uncertainty of individual ES-EI taxon
pairs.

2. Criteria for application of the aridity index.

2.1. Choice of taxa. Among evaporation insensitive (EI) taxa, the oxygen isotopic
enrichment between tooth enamel and meteoric water does not change with water deficit.
Among modern Hippopotamidae, Elephantidae, and Rhinocerotidae, €enamel-mw vValues do
not vary with water deficit and are relatively invariant (s.e. < 1.3%o), and thus
consistently reflect ' *Opy values (Fig. 2A). Among other evaporation insensitive taxa,
€enamel-mw Values are more variable and/or do not span the full range of modern
environments (Fig. 2C). Among both modern and fossil animals, elephantids and
rhinocerotids are consistently enriched compared to hippopotamids (Fig. S7), and as
previously found for hippopotamids (10) we find no long-term trends (p > 0.05) in

8"® Ocnamer values among hippopotamids, elephantids, and rhinocerotids from paleoaridity



fossil collections in the Omo-Turkana Basin (Fig. S7B). The oxygen isotopic
composition of paleosol carbonates is a function of soil temperature and soil water, which
in turn reflects meteoric water (11); therefore, paleosol carbonate §'*O values provide a
record of meteoric water in the geologic record independent of mammalian tooth enamel.
In contrast to 8' *Oename records, there is a long-term increase in paleosol carbonate §'*0
values (p < 0.0001, r* = 0.2892) and estimated soil water 5'°O values (paleosol carbonate
8'%0 values corrected for temperature) (p < 0.001, r* = 0.4602) (Fig. S7C). These trends
do not explain a large amount of variation through time (* < 0.5), but nonetheless reflect
an apparent shift between 2.0 Ma and 1.0 Ma (12, 13), which is also apparent in
hippopotamid 8'*Ocnamer values (Fig. S7). Increasing paleosol carbonate §'*0 and soil
water 8'°0 values likely relate to changes in climate, moisture source (atmospheric
circulation), and/or basin hydrology (13, 14). We find no relationship (p > 0.05) between
meteoric water 5'°O and water deficit across modern eastern African environments (Fig.
S2A), consistent with previous findings (8), and therefore we do not infer changes in
aridity from meteoric water proxies alone. Ultimately, inter-proxy comparisons are
complicated by differences in geographic and/or seasonal moisture sources, such that
pedogenic carbonate 8'*0 values and evaporation insensitive 8'*Ocpamer Values may not
always follow the same pattern even if both reflect meteoric waters generally. Thus,
while 8"*Ocnamel values of fossil Hippopotamidae are more similar to §'*O values in
pedogenic carbonates through time (occupying an overlapping range between ca. -8%o to
2%o), and may more directly reflect meteoric water, hippopotamids, elephantids, and
rhinocerotids appear to reflect meteoric water in a consistent manner in modern and fossil
systems (Fig. S2C and Fig. S7A). Thus, for fossil applications of the aridity index we
assign Hippopotamidae, Elephantidae, and Rhinocerotidae as EI taxa, as identified in
modern ecosystems.

Among evaporation sensitive (ES) taxa, the oxygen isotopic enrichment between
tooth enamel and meteoric water responds to water deficit. Identifying evaporation
sensitive taxa is potentially more problematic, as there is no proxy for the isotopic
composition of '*O-enriched paleo-waters independent of mammalian tooth enamel, and
no straightforward associations between changes in diet and water use. Identifying ES
taxa as those with highest 8'*Oename values, without an independent measure of aridity, is
not an ideal strategy since this criterion could include taxa that consistently have very
high 8" Oenamer values due to diet or drinking behavior regardless of changes in aridity.
For fossil applications of the aridity index we assign Giraffidae, Hippotragini, and
Tragelaphini as ES taxa, as identified in modern ecosystems (Fig. 2 and Fig. S2).

Mean water deficit estimates from each fossil collection calculated using only ES-
Hippopotamid taxon pairs are similar to mean WD estimates calculated using all
available combinations of ES and EI taxa (mean difference = 415 mm/y), and the
standard error of multiple water deficit values is always smaller than total propagated
error of overall mean WD (Fig. S4). Further, the combined uncertainty in WD values for
multiple ES-EI taxon pairs (mean = 795 mm/y among fossil collections in the Omo-
Turkana Basin) is similar to combined uncertainty in WD values using only
hippopotamids (mean = 807 mm/y). Total error of ca. 800 mm/y corresponds to ca. 20%
of the WD range in modern eastern African environments, sufficient to detect large long-



term trends. Therefore, to accommodate variable taxonomic preservation in the fossil
record, and maximize the number of fossil collections for which it is possible to address
paleoaridity, we use mean water deficit calculated with multiple WD-ggs_g regressions

(£Girafﬁd-Hippopotamidae, €Tragelaphini-Hippopotamidaes EHippotragini-Hippopotamidaes €Tragelaphini-Elephantidaes and
€Tragelaphini-Rhinocerotidac) USINg all available ES-EI pairs in each fossil collection.

2.2. Geological context — deposition rate. Applications to the fossil record should be
limited to assemblages that have been deposited rapidly, to reduce bias introduced by
climate variability when comparing 8'*Ocpamer values of EI and ES taxa. While the
absolute age uncertainty of many assemblages can be relatively large, egs-gr values can be
calculated using fossils deposited within a well-constrained stratigraphic interval (such as
associations with tuffs or archaeological horizons) or from collections where taphonomic
conditions indicate rapid deposition regardless of chronological precision. Despite
restricting our paleoaridity sample to fossils collected from discrete and rapidly deposited
sedimentary horizons, it is not possible to relate individual paleoaridity estimates to
insolation cycling. Thus, we cannot directly address the impact of orbital-scale climate
cyclicity and instead restrict our analysis to long-term, secular trends.

2.3. Geological context — sedimentary environments. s values should only be
calculated for fossil assemblages characterized by consistent depositional settings, which
provide an indication of the paleo-waters available to fossil animals. Due to the strong
evaporative enrichment of lake water in eastern Africa (15), the application of the aridity
index to fossils should be restricted to depositional contexts characterized by flowing
water (i.e. fluvial, deltaic) or the absence of water (i.e. aeolian). Although it is not
possible to identify specific water sources of animals in the fossil record, we exclude
fossils from primarily lacustrine settings to reduce the possibility of including animals
that drank from highly evaporated waters.

2.4. Diagenesis. Numerous studies have demonstrated that tooth enamel is resistant to
diagenetic alteration during fossilization and preferred for paleontological application
over other biogenic tissues (4, 16-19). The carbon and oxygen isotopic composition of
carbonate in tooth enamel are susceptible to different diagenetic parameters, and there are
no clear relationships between mineralogical, crystallographic, and chemical changes in
enamel with isotopic alteration (16, 18, 20-22). Chemical pre-treatment of fossil tooth
enamel with buffered 0.1 M acetic acid is commonly used to remove diagenetic
carbonates (4, 5, 23), and we restrict our compilation of 8" Oenamel values in fossils to
specimens that have been treated using these methods. Diagenesis was monitored by CO,
yield, since the addition of pure (100%) inorganic carbonates will markedly increase the
amount of CO; generated per volume compared to the expected range of pristine
biological enamel, where carbonate is ca. 3-4% by volume (4, 24, 25). Unlike 8" Cenamel
values, there is no simple ecological indicator for preservation of primary biological
signals (i.e. retention of expected Cs- and Cy-feeder end-members) in 8'* Oepame values in
fossil teeth, and the aridity index does not predict a consistent isotopic separation among
particular taxa without prior knowledge of climate. Fortunately, if undetected diagenetic



alteration of both EI and ES taxa results in a consistent isotopic offset, water deficit
calculations that reflect relative isotopic spacing among taxa would not be altered. Fossil
eps-p1 values (Fig. S8) fall within the range of modern mesic and arid endmembers in the
region (Fig. 3), which suggests that significant diagenetic alteration differentially
affecting EI or ES taxa (where egs.g < -5 or > 15) is unlikely.

2.5. Sample size. A power analysis on regressions between egs.gr and water deficit (Fig.
3), assuming o = 0.05 and (1 — ) = 0.2, demonstrates that 4-7 samples are needed to
determine a difference of 1.3%o (mean standard deviation of 8'®*Ocnamel values of ES and
EI taxa for samples >4 to >7). For €girafrid-tippo, 1.3%0 corresponds to WD precision of 545
mm/y or 17% of the total WD range. For €rragelaphini-hippo a0d EHippotragini-Hippos 1-3%0
corresponds to WD precision of 301 mm/y or 9% of the total WD range. For €rragelaphini-
Eleph, 1.3%o0 corresponds to WD precision of 346 mm/y or 11% of the total WD range. For
€Tragelaphini-Rhino, 1.3%o0 corresponds to WD precision of 193 mm/y or 6% of the total WD
range. Due to inherent limitations of the fossil record, we accept reduced precision
associated with small sample size, which can still be used to reconstruct long-term
changes in paleoaridity. The level of precision estimated by power analysis (ca. 200-500
mm/y) is higher than precision of WD estimates using all available combinations of ES
and EI taxa (average propagated error +795 mm/y).

3. Water deficit calculations. Water deficit (WD) describes the interactions of energy
supply (temperature, sunlight) and water supply (precipitation) on plants. WD is
measured as the difference between potential evapotranspiration (PET) and mean annual
precipitation (MAP), such that a positive water deficit represents an arid climate and
negative water deficit (or surplus) represents a mesic climate. PET is calculated as a
function of mean annual temperature (MAT) and latitude using the Thornthwaite method,
which is well-suited for estimating water availability of vegetated surfaces (8, 26). Other
methods available for estimating PET (e.g. Penman, Class A pan evaporation) are more
appropriate for open water surfaces and likely overestimate PET in eastern African
terrestrial environments (27-29). We used available rainfall and temperature data to
calculate water deficit for each modern locality (see Table S1).

We calculate PET (mm/y) is calculated using the following equation (26):
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t (5)
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where ¢ is temperature, / is an annual heat index:

12
I = ;(§)1.514 (6)

a is a coefficient:
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and K is factor for duration of sunlight each month, which varies by latitude:
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S, 1s the number of days in each month and S is the number of sunlight hours on the 15t
of each month:
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where o; is the sunset hour angle (radians):

cos !(—tan ¢ * tan §) (10)

¢ is latitude (radians) and ¢ is solar declination (radians):

_ - no (11)
§ = 0.409 + (sm(z *17) % 365) 1.39

and 7 is the number of day of year starting from first of January. Previous calculations of
PET (8) incorrectly calculated the coefficient a due to 1) substituting monthly heat index
values i for annual heat index values /, and 2) inappropriately rounding constant values
(Fig. S1). We use mean annual temperature for ¢ rather than monthly temperatures, which
were not available from all locations.

4. Leaf water and cellulose model. The oxygen isotopic composition of leaf water at
sites of evaporation (8'°0Oy,) and leaf cellulose (5'*0y.) were calculated using a modified
version of the Craig-Gordon evaporative enrichment model where 8'*Oyw and relative
humidity were available, and expressed as enrichments over measured meteoric (source)
water (€eat-mw) (8, 30, 31). Temperature-dependent equilibrium fractionation (a*) 1S
calculated using the following equation:

R (Gr) (12)

a* = = e\T?
Ry

where e is Euler’s number, a = 1137, b = 0.4156, ¢ = 0.0020667, R, is liquid water
isotope ratio (‘*0/'°0), Ry is the water vapor isotope ratio, and T is temperature. Kinetic



fractionation factor associated with diffusion from an evaporating surface inside the leaf
is estimated as o= 1.032, and diffusion through a boundary layer is ax, = 1.021 (32).
180/'°0 ratios in leaf water are calculated with the following equation:

siso | (& |aiRs (2 = =) + aRs (% ;ea) Ra (ee_?)] PR IRCE)
tw = RSMOW

* 1000

where Ry, is the isotope ratio of leaf water, Ry is the isotope ratio of the source water, R4
is the isotope ratio of the atmospheric water vapor, Rsyow is the isotope ratio of the
standard VSMOW, e; is the leaf surface vapor pressure, e; is internal leaf vapor pressure,
and e, is atmospheric vapor pressure. Vapor pressure equations are available elsewhere
(33). We assume that Rg = SISOMW, R,y= Rs— 9%, T=MAT, stomatal conductance = 0.3
mol m™s™, and boundary later conductance = 1 mol m™s™ (8, 30). '"*0/'°O ratios in leaf
cellulose are calculated with the following equation:

81801c =F x (81801w + ac) + (1 - F) * (81801w + as) (14)

where F is the fraction of exchange with medium (leaf) water, a. is heterotrophic
fractionation associated with oxygen from xylem water forming cellulose, and o is
autotrophic fractionation associated with cellulose formation from sucrose. We assume
that /"= 0.42 (30) and that p, and p., = 27 (34-36).

5. Body water model. The oxygen isotopic composition of mammalian body water
reflects oxygen fluxes and isotopic fractionations relative to meteoric water. We use a
body water model to predict how oxygen budgets (changes in proportional intake of
oxygen sources) of EI and ES taxa respond to increasing aridity. Body water predictions
were calculated using the Kohn model (37) developed for African mammals. The model
can be expressed using the following mass balance equation:

8180BW
_ Min,airoz * 8180air02 + Z Min,y * A180y—MW - Z Mout,B * A180B—BW
Z lv[out,ﬁ (15)
Z Min,y * 8180MW
Z 1v[out,B

where 5'*Ogw and 3'*Osw and are the oxygen isotopic composition of body and meteoric

water, respectively, Mi, ziro2 describes air oxygen input, > M, y describes all other oxygen
input components, A'*Oy._sw is the fractionation between the oxygen inputs y and surface

water, and A'®Op.gw is the fractionation between oxygen outputs 8 and body water.



Oxygen influxes include air O,, free water ingested as drinking water (meteoric
water) and liquid water in plants (leaf water), and metabolic oxygen derived from bound
O, in food. The oxygen isotopic composition of atmospheric O, and the oxygen isotopic
composition of meteoric water (5'*Opmy) do not vary with water deficit (p > 0.05) (Fig.
S2A). We calculated the oxygen isotopic composition of leaf water (5'°Oyy) and leaf
cellulose (8'°0y) using a leaf water model, and €1y-mw and €i..my increase with water
deficit (leaf water: 1’ = 0.5175, p = 0.002501; leaf cellulose: r* = 0.5169, p = 0.002523)
(Fig. S2B).

Oxygen outfluxes include fecal H,O, urea, urine, nasal H,O, skin vapor H,O, oral
H,0, sweat, and CO,. We use baseline model parameters representative of a mammalian
herbivore (37), since precise behavioral and physiological data on each specific species
are not available. Changes to model parameters are expressed relative to this baseline.
We do not explicitly account for differences in body size, as proportional oxygen influxes
and outfluxes do not markedly vary (<10%) across the body mass range encompassed by
the meso- and mega-herbivores under study here (38). Additionally, predictions of a
generalized model can be more readily extended, with fewer assumptions, to fossil
relatives where precise behavioral and physiological parameters are difficult or
impossible to measure. Oxygen outputs are invariant, as EI and ES taxa are characterized
by a variety of thermoregulatory strategies (water use efficiency, sweating/panting,
sensitivity of skin to water vapor loss) (39-46) that have minor effects on body water
8'%0 (< ca. 3%o) (37). Predicted body water isotope ratios are expressed as €enamel-mw DY
converting initial model output §'*Ogw (VSMOW) values to enamel structural carbonate
using the apparent fractionation factor (o) of 1.0263 and the following relationship (47):

8180ename1(VSM0W) (16)
= (1.0263) * (1000 + 81805, (VSMOW) — 1000).

Predicted 8" Oenamet (VSMOW) values are converted to 8'*Ocpamel (VPDB) values, and
expressed as Eenamel-mw USing mean 3'*Opy, (VPDB) for predicted 8'*Ocpamer (VPDB) and
measured 8'*Opy (VPDB) for measured 8'*Ocname (VPDB). Values were converted
between VSMOW and VPDB scales using the following equation (1):

8180(VSMOW) = 1.03091 * §'80(VPDB) + 30.91 17)

Oxygen inputs include 8'®04¢mo, (15.1%0), which is based on an estimate of
oxygen incorporated in the lungs of terrestrial animals (37, 48), mean &' *Opy (-2.9%o0)
(Fig. S2A), and calculated 8'°0y,, and 3'°Oy, that vary over a water deficit range (-1000
mm/y to +3000 mm/y) encompassing measured &' *Ocnamel values (Fig. S2B). We assume
the oxygen isotopic composition of leaf cellulose is representative of the isotopic
composition of constitutional oxygen in food (37). Therefore, we model body water with
linearly increasing aridity assuming isotopically constant meteoric water and atmospheric
O, (Fig S2A) and linearly increasing enrichment over meteoric water for leaf water and
leaf cellulose, representing food water and oxygen, respectively (Fig. S2B).



Using the body water model, we predict the oxygen isotopic enrichment between
body water, expressed as equivalent 8'*Oeamel values, and meteoric water (€enamel-mw)
values assuming linear change in oxygen budgets relative to baseline model parameters
representative of a mammalian herbivore (37). We vary the balance of oxygen influxes
with increasing water deficit to generate three alternative models each for EI and ES taxa,
as well as a static oxygen budget where body water is only affected by changes in the
isotopic composition of oxygen inputs.

The distribution of modern water-dependent EI taxa is restricted to areas near
drinking water sources in arid environments (49-52) and the moisture content of leaf
water in trees and grasses declines with increasing aridity (53-55). We model changes to
the oxygen budgets of EI taxa with increasing water deficit driven by a balance between
decreasing influx of leaf water (100% to 50% relative to mammalian herbivore baseline)
and increasing influx of drinking water (Fig. S2C). Each model describes a balance of
increasing proportional drinking water influx and different food O, baselines, including
(EI model 1) food O, at 100% relative to baseline, (EI model 2) food O, at 200% relative
to baseline, and (EI model 3) food O, at 300% relative to baseline. Positive offsets in
€enamel-mw across El taxa may relate to dietary differences associated with the degree of
water dependence.

The spatial distribution of water-independent ES taxa, which can survive without
drinking water, is not related to the availability of surface water sources (49-52).
Additionally, eastern African water-independent ruminants increase food intake when
exposed to dehydration and heat stress (46). Therefore, we model changes to the oxygen
budgets of ES taxa by decreasing proportional influx of drinking water with increasing
water deficit (Fig. S2D). Varying slope in WD-€enamel-mw relationships are modeled with
different combinations of variable oxygen influxes, including (ES model 1) all oxygen
influxes vary, (ES model 2) only food water influx varies, and (ES model 3) only food O,
influx varies (Fig. S2D).

6. Materials. The oxygen isotopic composition of meteoric water was determined using
published 3'*0 values of water samples (n = 161) collected from minimally evaporated
sources (i.e. springs, boreholes, streams, rivers) (see Appendix 1). Modern mammalian
tooth enamel was sampled from existing skeletal collections as well as field surveys,
primarily in protected areas (national parks and reserves), with additional modern

8"* Ocnamel Values compiled from the literature (see Appendix 2). This 8'*Oenamel
compilation is comparable to a previously published compilation of African mammal

8" Cenamel values (56), although animals known or suspected to drink primarily from
evaporated water sources (i.e. lakes) were excluded.

In this study, we present 8' *Oepamel values from fossil specimens collected during
survey, excavation, and taphonomic study in the Turkana Basin (see Appendix 3). We
evaluate paleoaridity using a compilation of new and previously published 8" Oename
values using teeth from paleontological and archaeological collections that meet criteria
for application of the aridity index and are associated with evidence for hominin
morphology and behavior. We only calculate egs gy values in the fossil record using



8"® Ocname values generated using the same laboratory. We include fossil collections from
the Omo-Turkana Basin (n = 11), Afar (n = 1), and southern Kenya (n = 1) that range in
age from ca. 4.4 Ma to 0.01 Ma.

Some studies suggest that mammalian first molars have higher 8'*Ocpamel values
due to the influence of milk, which is thought to have higher §'*0 values compared to
drinking water assuming drinking water reflects unevaporated meteoric water (lower
8'%0) and milk reflects body water (higher 8'°0) (57-59). However, observations of
oxygen isotopic variation among various mammals do not clearly indicate a consistent
difference; in some cases first molar 8'*Ocpamel values are higher compared to later
forming teeth, and in other cases 8'*Ocnamel values are lower (60-63). Nonetheless, to
reduce this possible source of error first molars and deciduous teeth were avoided when
possible.

We restrict our analysis of the long-term history of aridity to fossil collections
from the Omo-Turkana Basin, which are well-dated by direct *°Ar/*’Ar dating of tuffs
and geochemical tuff correlations among strata in the Koobi Fora, Nachukui, and
Shungura Formations (Fig. 1, Fig. S3) (64). We include fossils collected in strata dated to
the early Pliocene (Kanapoi Fm. and the upper Lonyumun Mb., Koobi Fora Fm.), mid-
Pliocene (lower Lomekwi Mb., Nachukui Fm.), late Pliocene (upper Lomekwi Mb.,
Nachukui Fm.), early Pleistocene (upper Burgi Mb., Koobi Fora Fm. and Kaito Mb.,
Nachukui Fm.), late Middle Pleistocene (Kibish Fm. Mb. 1), and late Pleistocene-
Holocene (Kibish Fm. Mb. 4) (64-68). We also investigate the long-term history of the
oxygen isotopic composition of meteoric water in the Omo-Turkana Basin using a
compilation of §'*Ocpamel values (n = 261) from evaporation insensitive taxa
(hippopotamids, elephantids, rhinocerotids), which includes fossil collections unsuitable
for calculating the aridity index (due to inadequate chronostratigraphic context or
taxonomic preservation).

Previously published 8'*Ocpamer values from fossil collections outside the Omo-
Turkana Basin include teeth from early Pliocene sediments at Aramis, Afar region,
Ethiopia (Lower Aramis Mb., Sagantole Fm.) (69) and early Pleistocene sediments at
Kanjera South, Homa Peninsula, southwestern Kenya (Southern Mb., Kanjera Fm.) (70).

The geological context of fossil collections included in this study are described
below. Additionally, 8'*Ocname values, location, stratigraphic position, depositional
setting, and estimated age of fossil teeth are available in Appendix 3.

7. Geological context
7.1. Fossil collections in the Omo-Turkana Basin. Location of Formations and fossil
sites are illustrated in Fig. 1. The major chronologic and tephrostratigraphic levels in the
Kanapoi, Nachukui, Koobi Fora, and Kibish Formations, as well as stratigraphic position
of fossil collections included in this study (Fig. S3) are based on previous geological
research (64, 66, 68, 71-74) except when noted below.

Fossils from the Kanapoi Formation are associated with a paleosol directly above
the lower pumiceous tuff (4.2 Ma) and a channel complex below the Kanapoi Tuff (4.11
Ma), which represent the same fluvial system of the ancestral Kerio River (64, 74-77).
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Fossils from the Nachukui Formation include teeth collected from the lower
Lomekwi member localities Lomewki 4 and 5 (LO4/5), which include pebble
conglomerates representing ephemeral stream deposition immediately above the Tulu
Bor Tuff (3.44 Ma) (64, 66, 79). Fossils from the upper Lomekwi Member were collected
from a stratigraphically narrow section at fossil collection locality Kangatukuseo 1
(KU1), stratigraphically below the Lokalalei Tuff (2.53 Ma) and above the Hasuma Tuff
(3.07 Ma) (64, 66, 73). Fossils that span the boundary between the upper Lomekwi
Member and the Lokalaei Member, defined by the Lokalalei Tuff, were collected at
localities Kangatukuseo 2 and 3 (KU2/3), where fossils are found just below and above
the Lokalalei Tuff (2.53 Ma) (64, 66, 73). Fossils from the Kaito Member include teeth
from fossil localities Kalochoro 3 and 6 (KL3/6), which both lie above the level of the
KBS Tuff (1.87 Ma) and approximately 30 m below the level of the Nariokotome Tuffs
(1.30 Ma) exposed in the uppermost part of the Nachukui drainage, and Naiyena Engol 2
and 3 (NY2/3), which both lie above the KBS Tuff and below the level of the Okote Tuff
at approximately the same stratigraphic level as KL3/6 (64, 66, 81). Fossils from the
upper Kaito Member include teeth collected from the archaeological site Kokiselei 1
(KS1), which lies between the KBS Tuff (1.87 Ma) and KS4 (1.76 Ma) (82). Sediments
at Kokiselei 2 (KS2) were originally described as below the Okote Tuff within the Kaitio
Member (66), but this is not correct. The site lies below the KBS Tuff (1.87 Ma), exposed
to the southwest, but above the Kalochoro Tuff (2.33 Ma) within the Kalochoro Member.

Fossils from the Koobi Fora Formation include teeth collected from the upper
Lonyumum Member at the Allia Bay 261-1 excavation site, from a sandy horizon 5 m
below the Moiti Tuff (3.97 Ma) representing floodplain deposition of the ancestral Omo
River (64, 75, 78). Fossils from the upper Burgi Member were collected at the FwJj20
archaeological site in Area 41, which lies 14 m below the KBS Tuff and is dated to 1.95
Ma (80).

We use previously published 8'*Ocpamer values from fossils collected in Member 1
and Member 4 of the Kibish Formation (83). Sediments in the Kibish Formation are
primarily deltaic, associated with high stands of nearby ancient Lake Turkana (84, 85).
Member 1 is the oldest member, dated by the Nakaa’kire Tuff (0.196 Ma) (84, 86), and
Member 4 is the youngest, dated to ca. 13-4 Ka by radiocarbon dating of mollusks (85).
Based on radiometric dates, association with high lake levels, and estimated deposition
time based on sediment-flux calculations, fossils from Member 1 (4,800 yr deposition
interval) and Member 4 (7,200 yr deposition interval) were likely deposited rapidly with
minimal climate-averaging within sapropel formation intervals S7 and S1, respectively
(84, 85).

We also present &' *Ocnamel Values from other fossil collections that could not be
used to calculate water deficit because the necessary combinations of taxa were not
available.

Fossils from the Nachukui Formation include teeth collected from the upper
Kataboi Member locality Lomekwi 6 (LO6), from a horizon 8 m below the Tulu Bor Tuff
(3.44 Ma) (64). Additional fossils from the upper Kataboi Member were collected at
locality Loruth Kaado 1 (LK1) from a horizon beneath the Tulu Bor Tuff (66). We use
the date of the underlying Lokochot Tuff (3.6 Ma) (64) as the lower boundary for the age

11



of this collection. Fossils from the middle Lomewki Member were collected at localities
Lomewki 9 and 10 (LO9/10), between the Allia and Hasuma Tuffs (3.07 Ma) (64). The
Allia Tuff is undated, so we use the date of the underlying Toroto Tuff (3.31 Ma) (64) as
the lower boundary for the age of this collection. Fossils that span the boundary between
the upper Lomekwi Member and the Lokalaei Member, defined by the Lokalalei Tuff,
were collected at localities Lomewki 1 and 2 (LO1/2), where fossils are found just below
and above the Lokalalei Tuff (2.53 Ma) (64). Fossils from the Lokalalei Member were
collected from Lomewki 8 (LOS), between the Lokalalei and Kalochoro Tuffs (2.33 Ma)
(64). Fossils from the Kalochoro Member were collected from Kalokodo (KK), below the
KBS Tuff (1.87 Ma) (64). Additional fossils from the Kalochoro Member were collected
from Lomekwi 3 (LO3). Here we revise the previously published (66) incorrect
stratigraphic position for LO3 as lying below the Lokalalei Tuff and thus having an age
of >2.53 Ma. This site is situated in a small tributary to Lomekwi, entering the larger
stream from the north, and most of the area of the site is located east of a fault that trends
N30°E and dips 75°NW. Strata are downdropped on the west, and drag such that beds in
the hanging wall dip 20° to the west immediately in the vicinity of the fault. Strata to the
west of this fault are thus younger than those on the east, which includes most of the
vertebrate fossil site LO3. At LO3, the beds are nearly flat lying, and the Kokiselei Tuff
(ca. 2.4 Ma), and the Kalochoro Tuff both lie below the level of LO3. It is likely that a
currently unnamed correlate of Tuff G of the Shungura Formation (2.27 Ma) (64) lies
below the fossil site as well. Lacustrine strata of the Lorenyang lake sequence do not
appear at the site, but are well exposed at Kangaki, ~8.5 km due north of LO3, where the
Kangaki Tuff has been dated at 2.06 Ma (64). The site includes a very distinctive tuff
(maximum thickness 2 m) in a channel that has not yet been identified in any other
section in the Omo-Turkana Basin; even locally it does not extend far beyond LO3. Thus,
we believe that LO3 is confined by the Kangaki Tuff (2.06 Ma) and the correlate of Tuff
G (2.27 Ma). Fossils from the Kaitio Member were collected from Loruth Kaado 4
(LK4), which include sediments between the Malbe Tuff (1.84 Ma) and the Morutot Tuff
(1.61 Ma) (64). Fossils from the Natoo Member were collected from fossil localities
Kalochoro 1 (KL1), which lies in the north arm of Kalochoro above the level of the Ebei
Tuff (1.48 Ma) and below the level of the Lower Nariokotome Tuff (1.30 Ma) (64), and
Kaito (KI2), which was previously described as above the Okote Tuff (66), but is above
the level of the Etirr Tuff, dated to 1.43 Ma by correlation to a directly dated tuff at
Konso, Ethiopia (87), and below the level of the Lower Nariokotome Tuff. Fossils from
the Nariokotome Member were collected from fossil localities Nachukui 1, 2, and 4
(NC1/2/4).

Fossils from the Koobi Fora Formation include teeth collected from the KBS
Member taphonomic collection localities in Areas 104 and 105 on the eastern side of
Lake Turkana. Fossils from Area 104 are from a channel sand deposit in the KBS
member. Fossils from Area 105 include specimens from collection area 105-1311,
located in a 4.5 m thick coarse sandstone horizon deposited in a fluvial channel that cuts
into the KBS Tuff, and from archaeological site FxJj1, which lies in the KBS Tuff.

We also use other previously published 8'*Ocpamer values from fossils of EI taxa
collected in the Omo Mursi Formation (88), the Shungura Formation (89), the Nachukui
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Formation (Apak, Lokochot, Kaiyumung Members) (90), and the Koobi Fora Formation
(Upper Lonyumun, Tulu Bor, upper Burgi, KBS, and Okote Members) (10, 90, 91),
which do not meet the criteria for application but are useful for assessing long-term
trends in &'*Ocpamer values of individual taxa.

7.2. Other fossil collections. We use previously published 8'*Ocnamel values from fossils
collected in the Lower Aramis Member of the Sagantole Formation, primarily from
localities ARA-VP-1 and 6 with additional fossils from ARA-VP-7 and 17, KUS-VP-2,
and SAG-VP-7, in sediments between the Gaala (“Camel”) Tuff Complex (GATC)
(4.419 Ma) and the Daam Aatu (“Baboon”) Basaltic Tuff (DABT) (4.416 Ma)
representing alluvial floodplain deposition (92, 93). Based on statistically
indistinguishable tephra **Ar/*”Ar ages and inferred environmental and evolutionary
stability the Lower Aramis Member is estimated to have accumulating over hundreds to
thousands of years (92).

We use previously published 8'*Ocpamer values from fossils collected in the
Southern Member of the Kanjera Formation were collected from excavation and survey
from the second lowermost bed, KS-2 (70). KS-2 is a well-sorted fluvial silt to fine
pebbly sand deposited by sheet wash and shallow, ephemeral streams. Diffuse
conglomerate lenses are indicative of short intervals of higher energy flow (70, 94). KS-2
is highly fossiliferous, and includes abundant Oldowan lithics and cut-marked bone (95-
98). Hominins were the primary agent of deposition in the non-conglomeratic sediments,
and sedimentology and fine-scale stratigraphy suggests that deposition occurred rapidly
over decades to hundreds of years (97, 98). Kanjera South is dated through a combination
of biostratigraphy and magnetostratigraphy. The presence of Deinotherium sp,
Metridiocheorus andrewsi, and Equus provides an estimated age range of ca. 2.3-1.7 Ma.
There is a reversed sequence in Beds KS-1 to KS-3, and normal in Beds KS-4 and KS-5,
which is identified as the Olduvai Subchron C2n (1.778-1.945 Ma). Therefore, KS-1 to
KS-3 archaeological levels are slightly older than 1.95 Ma, and given the apparent
rapidity of deposition we use an estimated age of ca. 2.0 Ma (70, 97).

8. Note on Figure 4. In panel E, we show percent C4 grazers among Artiodactyla-
Perissodactyla-Proboscidea (APP), following (56) and updated to include data from the
Omo Mursi Formation (88) and the Kibish Formation (83). Percent C4 grazer values are
calculated using the average 8'"°C value of each taxon within a single time interval to
identify C4 grazers (> -1%o), C3-C,4 mixed feeders (between -8%o and -1%o), and Cs
browsers (< -8%o) (56).

In panel G, we include a schematic compilation of currently known appearance
ages of significant hominin behaviours and taxa. Behaviors include: habitual bipedality in
Australopithecus anamensis (ca. 4.2-4.1 Ma) (75); possible evidence of butchery from
cut-marked bones at Dikika, Ethipia (99); the earliest lithic industry (Lomekian) from
Lomekwi, West Turkana, Kenya (100); the appearance of the earliest Oldowan lithics
(ca. 2.6 Ma) at Gona (101, 102) (the earliest Oldowan lithics in the Omo-Turkana Basin
are documented in the Nachukui Formation ca. 2.34 Ma (103)); earliest evidence for
omnivory, based on zooarchaeological studies of Oldowan faunal assemblages indicating
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hominin consumption of diverse foods including animal- and plant-based resources at
Kanjera South (ca. 2.0 Ma) (97, 104) and terrestrial and aquatic resources in the Koobi
Fora Formation of the Omo-Turkana Basin at FwJj 20 (ca. 1.95 Ma) (80, 105); the
appearance of Acheulean lithics (ca. 1.76 Ma) in the Nachukui Formation, West Turkana,
Kenya and the Konso Formation, southern Ethiopia (82, 106); the appearance of Middle
Stone Age lithics in the Gademotta Formation (ca. > 0.276 Ma) (107) (the earliest Middle
Stone Age lithics in the Omo-Turkana Basin are documented in the Kibish Formation ca.
0.195 Ma (85, 86, 108)). Age distributions of eastern African hominin taxa (84, 86, 109-
112) use the following informal groupings: Pliocene australopiths (including age
distribution of specimens assigned to Australopithecus anamensis, Australopithecus
afarensis, Kenyanthropus platyops), early Homo (including the earliest representatives of
the genus and later specimens often assigned to H. habilis and H. rudolfensis), Homo
erectus (including specimens often assigned to H. ergaster), Paranthropus (including
specimens assigned to P. aethiopicus, P. boisei), and Homo sapiens.

9. Datasets.
9.1. Dataset 1. A compilation of oxygen isotope data for water samples collected in
central and eastern Africa.

9.2. Dataset 2. A compilation of oxygen isotope data for modern herbivore tooth enamel
from specimens collected in central and eastern Africa.

9.3. Dataset 3. A compilation of oxygen isotope data for herbivore tooth enamel from
fossil collections in eastern Africa meeting criteria for application of the aridity index and
used for calculating paleoaridity.
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Table S1: Location and climate of modern sites in eastern and central Africa.

Regions Country Lat Long  Elevation MAT MAP PET WD MW Climate
(°C) (mm/y) (mm/y) (mm/y) (61805M0W) Reference
Aberdares Kenya -0.43 36.70  2100-3000 11.6 1417 623 -794 -4.6 (119)
Amboseli Kenya -2.71 3721 1140 24.0 346 1331 882 -52 (120)
Arabuko-Sokoke  Kenya -3.23 39.88  60-135 26.1 850 1548 698 -2.3 (119)
Athi Plains Kenya -1.44 36.84 1640 19.4 741 865 124 -3.4 (121)
Awash NP Ethiopia 9.09 40.03 1052 25.0 477 1361 884 2.1 (121)
Bale Mtns Ethiopia 6.75 39.75  3000-4000 9.0 1219 575 -644 -1.9 (122)
Garamba DRC 4.00 29.50 800 24.4 1251 1276 25 - (123)
Ituri Forest DRC 1.38 28.58 770 22.4 1639 1063 -576 -2.3 (124, 125)
Kahuzi-Bega DRC -2.00 28.00  1800-2500 20.15 1607 905 =702 - (121)
Katavi Tanzania  -6.92 31.30  800-1100 18.0 950 1204 323 -3.8 (126)
Kibale Uganda 0.60 30.40  900-1590 19.0 1662 845 -817 -1.7 (127, 128)
Kidepo Uganda 3.74 33.72  1000-1300 245 427 1290 863 - (129)
Kisumu Kenya -0.10 3475 1157 232 1306 1139 -167 -3.3 (119)
Laetoli Tanzania  -3.24 35.19  1500-2000 21.0 400 958 558 -3 (130)
Laikipia Kenya 0.30 36.80 1700 21.8 640 1012 372 -3 (131)
Lake Edward Uganda/ 0.00 30.00 950 253 680 1406 726 -1.9 (132)
Lake Baringo Egnc;a 0.57 36.00 1067 24.6 645 1303 658 -3.3 (119)
Lake Mburo Uganda -0.61 3098 1210 21.3 887 975 88 -2.3 (133)
Lake Naivasha Kenya -0.71 36.36 1900 17.3 620 773 153 2.4 (119)
Lake Nakuru Kenya -0.33 36.12 1870 17.7 869 787 -82 -3.3 (134)
Lake Turkana Kenya 4.29 36.29  360-450 29.7 187 2572 2386 -1.5 (121)
Lopé Gabon -0.42 11.52  100-600 25.5 1492 1437 -55 - (135)
Mago/Omo Ethiopia 5.50 36.25 400 26.0 830 1522 692 -1.1 (136, 137)
Mara-Serengeti Tanzania/  -1.55 35.00 1500-2170 20.5 998 926 =72 -3.6 (138, 139)
Kenya
Marsabit Kenya 2.25 3772 250-650 235 380 1169 789 -3.5 (119, 140)
Meru Kenya 0.08 38.18 460 235 380 1169 789 -4.1 (119, 140)
Mount Kenya Kenya 0.00 37.37  2500-3000 7.4 1250 552 -698 -3.8 (141)
Murchison Falls Uganda 2.15 313 619-1291 25.5 1300 1437 137 -1.4 (142)
Narok Kenya -1.11 3586 1890 16.5 736 746 10 -3.7 (119)
Nechisar Ethiopia 5.95 37.67  1250-1360 239 1253 1216 -37 -2.0 (143)
Olorgesailie Kenya -1.58 36.44 619 29.0 417 2284 1867 2.2 (119)
Samburu Kenya 0.50 37.58 1100 235 380 1167 789 -2.9 (119, 140)
Shimba Hills Kenya -4.25 39.40 400 23.7 1150 1193 43 -2.3 (144)
Simien Mtns Ethiopia 13.25 38.10  3100-3800 14.3 1054 682 -372 -1.9 (145)
Tana Delta Kenya -2.27 40.77 30 26.8 917 1689 772 -2.3 (119)
Tana River Kenya -0.47 39.63 138 28.8 363 2227 1864 -4.1 (121)
Tsavo Kenya -2.32 38.47 560 25.0 549 1348 799 -3.5 (119)
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Table S2: Summary of fossil collections used in paleoaridity analysis.

Area Locality Formation/Bed | Age Key fossils or Depositional Key
(Ma) | archaeology context References
Aramis ARA-VP-1/6/17, Sagantole Fm., | 4.419- | Ardipithecus Alluvial (92,93)
(Middle KUS-VP-2, SAG- lower Aramis | 4.416 | ramidus floodplain
Awash) VP-7 Mb.
Kanapoi Kanapoi Fm. 4.20- | Australopithecus | Fluviolacustrine | (75, 77)
4.11 anamensis
Allia Bay 261-1 Koobi Fora 4.02- | Australopithecus | Fluvial (75)
Fm., Upper 3.97 anamensis
Lonyumun
Mb.
Lomekwi LO4/5 Nachukui Fm., | 3.41- | Kenyanthropus Fluvial (66, 79)
(West lower 3.36 platyops
Turkana) Lomekwi Mb.
Kangatu- KU2/3 Nachukui Fm., | 2.53 Paranthropus Fluvial (66, 146)
kuseo upper aethiopicus
Lomekwi Mb.
Kangatu- KU1 Nachukui Fm., | 3.07- Fluvial (66)
kuseo upper 2.53
Lomekwi/
Lokalalei Mb.
Kokiselei KS2 Nachukui Fm., | 2.33- | Oldowan lithics | Fluvial/Marginal | (147, 148)
(West Kalochoro 1.87 lacustrine
Turkana) Mb.
Kanjera KS-2 Kanjera Fm., 2.0 Oldowan lithics, | Fluvial/Aeolian (70,97, 98,
South Southern Mb., hominin 104)
(Homa Bed 2 omnivory (prey
Peninsula) bone
modification
and lithic use-
wear studies)
Koobi Fora Fwlj20 Koobi Fora 1.95 Oldowan lithics, | Fluvial-deltaic (80)
(East Fm., upper hominin
Turkana) Burgi Mb. omnivory (prey
bone
modification)
Kokiselei KSl1 Nachukui Fm., | 1.87- | Paranthropus Fluvial/Marginal | (147-149)
(West Kaitio Mb. 1.76 boisei, Oldowan | lacustrine
Turkana) lithics
Kalochoro, KL3/6,NY2/3 Nachukui Fm., | 1.87- | Paranthropus Fluvial (66, 73,
Loruth Kaitio Mb. 1.30 boisei, Homo 147-150)
Kaado, sp., Oldowan
Naiyena lithics
Engol (West
Turkana)
Kibish 006, 052, 061, 069, | Kibish Fm., 0.196 | Homo sapiens, Deltaic (84-86,
073, 082, 086, 103, | Mb. 1 Middle Stone 108, 151)
106, 171 Age lithics
Kibish 126, 185 Kibish Fm., 0.013- | Bone artifacts Deltaic (84, 111)
Mb. 4 0.004 | and possibly

human fossils
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Table S3: Oxygen isotopic enrichment between ES and EI taxa (egs.g1) and water deficit
(WD) calculations for fossil collections.

Locality EGiraffe- WD ETragelaphini- WDrrag- EHippotragi WDhipp- ETragelaphini- WDrrag- ETragelaphini- WDrrag- mean WD
Hippo Hippo Hippo Hippo ni-Hippo Hippo Eleph Eleph Rhino Rhino e
Aramis (ARA-VP-
1/6/17, KUS-VP-2, 9.3+3.0 1483 & 47+4.1 194 + 902 7.2+3.1 1733 1.4+3.1 157 + 803 03+42 S5 702 +2217
1097 1039 1083
SAG-VP-7)

Kanapoi 8.8+2.6 1315+ 994 - - - - - - - - 1315+ 994
Allia Bay (261-1) 6.4+3.7 500 + 1315 2.0+4.0 -365 + 889 - - -02+43 fgzgi -32+38 -991974i -255+2151
Lomekwi (LO4/5) 50+23 1+892 - - 1.9+1.1 54 +490 - - - - 28 £1018

Kangatukuseo
(KU273) - - - - - - 0.4+0.9 -99 + 388 - - -99 + 388
Kangatukuseo 9.9+0.0 1693 + 423 ~ _ ~ _ N - - - 1693 + 423
(KU1 . ’

Kanjera 52‘)’““‘ (KS- - - L1+1.1 5344395 - - - - - - -534 £ 395
11 Dura (FwlJj20) - - - - 59+0.6 1311 +393 - - - - 1311+393
Kokiselei (KS1) - - 1.1+£2.0 -547 £519 - - - - 03+14 -66 + 466 -307 + 698
Kokiselei (KS2) - - - - - - - - 03+0.8 -54 + 360 -54 + 360

Kalochoro KL3/6,
Naiyena Engol - - 53+14 1123 £ 575 1123 £ 575
NY2/3
Kibish Fm. Mb. 4
(126, 185) - - - 45+0 876 + 346 - - - - 876 + 346
Kibish Fm. Mb. 1
(006,052, 061, 069, 56+2.6 216 +981 51+£26 272+ 627 33422 496 + 785 - - - - 328 + 1404

073, 082, 086, 103,
106, 106, 171)
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Table S4. Aridity index equations (WD-ggs g1 regressions) describing statistically
significant (p < 0.05) relationships between water deficit (WD) and the oxygen isotopic
enrichment (g) between evaporation sensitive and evaporation insensitive taxa (Figure 3).

Residual standard Standard error of the

Linear model error of the . .
. regression coefficient
regression
WD = €Giraffidae—Hippopotamidae * 340.9 — 1686.5 478.1 63.42
WD = STragelaphini—Hippopotamidae *204.3 —766.0 344.4 29.69
WD = SHippotragini—Hippopotamidae *316.9 —561.4 340.4 62.48
WD = STragelaphini—Elephantidae *237.2—184.8 333.3 31.52
WD = 8Tragelaphini—Rhinocerotidae * 246.6 — 134.3 193.1 21.47
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Table S5. Average 8> Cenamel values for fossil Artiodatyla, Perissodactyla, and
Proboscidea in eastern African paleoaridity fossil collections, calculated following (56).
Compilation of 8" Cename values used here is presented in Dataset S4. Percent G, M, and
B calculations exclude gen. sp. indet in families with identified tribes or genera.

Artiodactyla

Bovidae
Aepycerotini
Alcelaphini
Antilopini
Bovini
Hippotragini
Neotragini
Reduncini
Tragelaphini
indet

Giraffidae
Giraffa
Sivatherium
indet

Hippopotamidae

Suidae
Notochoerus
Nyanzachoerus

Potamochoerus/
Kolpochoerus/
Hylochoerus

Metridiochoerus/
Phacochoerus
indet
Perissodactyla

Equidae
Equus
Hipparion/
Eurygnathohippu
s

Rhinocerotidae
Ceratotherium/
Rhino G

Diceros/Rhino

indet
Proboscidea
Deinotheriidae
Deinotherium
Gomphotheriidae
Anancus
Elephantidae
Elephas
Loxodonta

indet

41
75
28
24
14

31

50

19
12

99

19
16

33

18
20

21

24

22

18
10
21

(taxa)

G (%)
M (%)
B (%)

Aramis Kanap Allia Bay Lomekw Kangat Kangat Kokisele Koobi Kokisele Kalochoro/ Kanjera Kibis Kibish
oi i ukuseo u-kuseo i Fora i Naiyena Engol S. h
261-1 LO4/5 KU1 KU2/3 KS2 FwJj20 KS1 KL3/6, NY 2/3 KS-2 Mb1 Mb4
-2.4 -1.9 -5.8 -1.2 1.0 -1.7 -0.6
-0.5 1.5 -0.3 0.8 1.0 0.9 26 22 1.2 1.8 2.6 0.4
-7.6 -3.2 1.3 -8.9
-0.5 24 0.0 1.8 0.0 -0.2
0.2 -3.6 0.0 25 2.7 11 0.6 -2.4
-9.6 -11.6
0.0 3.0 1.7 11 1.3 -0.2 1.3
-9.8 -8.1 -7.7 -5.9 -8.3 -4.8 -3.3 -21 -9.9
-121 -11.5 -11.3 -11.2 -11.5 -4.4
-11.9 -8.9 -12.2 -11.3 -9.8
0.1 -12.2
-2.5 -2.0 -3.4 -3.9 2.2 -3.2 0.0 -1.6 24 1.3 -2.8 -4.3
-3.9 -0.4
-1.2 -1.6 -4.4
-6.4 0.3 -4.0 -0.9
-0.2 -0.4 -0.5 0.3 0.3 -1.0
0.6 0.0 -1.9 1.5 0.9
0.6 1.2 1.0 0.2 1.5
1.0 1.6 0.2
-4.7 -9.0 -10.0 -5.7
1.5
-12.5 -12.4 -12.7 -11.1 -13.4 -75
-0.4 -0.1
-2.7 -0.6 0.5 0.0
-24 -1.8 -1.7 0.4 0.3
-1.7 0.0
17 15 1 12 4 8 7 13 13 7 9 11 5
35 20 9 17 25 63 100 92 54 86 89 64 60
35 40 55 58 25 13 0 0 46 14 1 18 40
29 40 36 25 50 25 0 8 0 0 0 18 0
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Figure S1: Modern climate data. Revised potential evapotranspiration (PET) and water
deficit (WD) calculations used in this study (black circles) compared to previous (8)
calculations (gray circles), plotted with measured mean annual precipitation (MAP) (left
column) and mean annual temperature (MAT) (right column).
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Figure S2: Oxygen isotopic composition of oxygen sources and modern EI and ES taxa.
(A) 8'°0 values of atmospheric oxygen and meteoric water. (B) &iat.mw values for leaf
water and leaf cellulose. (C) €enamel-mw Of EI taxa. (D) €enamel-mw Of ES taxa. Arrows below
the x-axis in (C) and (D) depict the direction of change for major oxygen influxes
(drinking water, leaf water) in body water model predictions depicted by lines in (C) and
(D). Error in (C) and (D) represents propagated error of measured 8'*Oeamer and 8'*Opmy
values.
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Figure S3: Formations and major tuffs from the Kanapoi Formation, Koobi Fora
Formation, Nachukui Formation, and Kibish Formation. Chronology and tephra
correlations (marked as thin lines between tuffs) based on (64). The geomagnetic scale
(113) is included on the time scale for reference. Gray bars represent members of each
formation (73). Fossil collections, labeled in italics, are placed in approximate

stratigraphic position.
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Figure S4. Paleoaridity from eastern African fossil collections, expressed as water deficit
(mm/y) calculated using egs.gr regressions (Fig. 3 and Table S4) using (A) all available
pairs of evaporation sensitive (ES) and evaporation insensitive (EI) taxa, (B)
Hippopotamidae as the EI taxon, and (C) Elephantidea and Rhinocerotidae as EI taxa.
Error bars indicate uncertainty in age and propagated error in water deficit estimates (see
SI discussion). Shapes indicate geographic region and colors indicate pairs of ES and EI
taxa. Gray open shapes indicate the mean water deficit calculated from multiple egs.gr
values, and gray error bars indicate total propagated error of the mean WD values. Water
deficit values without an open gray shape represent a single egs.gr value.
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Figure S5. Percent C,4 grazers among large mammalian herbivores in the Omo-Turkana
Basin calculated using 8"*Cenamel values from paleoaridity “snapshot” fossil collections
compared to calculations using 8"°C enamel values from a larger compilation of fossils from
Turkana binned into large time intervals (>100 kyr). 8"°C cnamei values and %Cy grazer
calcuations from paleoaridity fossil collections are available in Table S5 and Dataset S4,
and %C4 grazers in time bins are taken from (56), with the addition of data from the Omo
Mursi Formation (88) and Shungura Formation (83).
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0 50 100
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Figure S6. Compilation of paleoclimate indicators from the Omo-Turkana Basin, Kenya.
(A) Water deficit (mm/y) calculated using fossil tooth enamel 8'°0O values and egs g1
regressions for all available pairs of evaporation sensitive and evaporation insensitive
taxa. (B) Precipitation (mm/y) calculated from paleosol depth to calcic horizon (114). (C)
Precipitation (mm/y) calculated from mammal taxonomic community structure (115). (D)
Percent Alcelaphini and Antilopini (AA) among bovid tribes (116). (E) Precipitation
(mm/y) calculated from mammal dental morphology (hypsodonty and lophedness) using
a linear regression model (117). (F) Precipitation (mm/y) calculated from mammal dental
morphology (hypsodonty and lophedness) using a k-nearest neighbor model (117).

A B C D E F
Enamel oxygen isotopes Paleosol calcic depth Mammal Taxonomy Mammal Dental Morphology
O 7171 T T T n o T T T T n o T T n 0
= - 9 r 9 r 49 r 49 r o 4 F o B
=
p>0.05 p>0.05 p =0.03258 p>0.05 p =0.004477 p>0.05
R?=0.2295 R?=0.0583
1F 1 rF . . 1 rF 1 rF 41 /80|90 0o oo @ 11
* 510 ° 0% o29% © o0 S/ o
ool ++++ e LA it | e o oo | | Smadeey »
—e— ¢ ¢ @ o 000
= o
Y - 8 6 S 0%°
: - . : ; 5
< 3t 4 F 4 F ! (;’ + 107 e 1r X ° [ @2®9 o 13
— . o & 6 R o @ 00 ©
o oo o P °
4r 4.7+ 170 +_._ 170 [sS) 170 Q 10 o [ o o o 14
v °
-3 F R SN T R I d G 1 1 d L 1 1 . d L . . . d L . . . g
-2000 0 2000 0 500 1000 500 1000 25 50 75 500 1000 1500 500 1000 1500
Water Deficit (mm/y) Precipitation (mm/y) Precipitation (mm/y) AA (%) among Precipitation (mm/y) Precipitation (mm/y)

bovid tribes

38



Figure S7: 3'°0 values in fossil evaporation insensitive (EI) taxa and paleosol carbonates
from the Omo-Turkana Basin, Kenya. (A) Individual '*0 values (see Dataset S3) in
fossil EI taxa from the Omo-Turkana Basin. (B) 5'*0 values in fossil EI taxa from
paleoaridity fossil collections. Error bars represent the standard error of mean 8'°0 values
and age uncertainty. (C) Left, paleosol carbonate §'*O values (open circles) (118) and
binned by 50 kyr time intervals (gray circles); Right, estimated paleo-soil water 5'°O
values (12).
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B. Omo-Turkana Basin paleoaridity fossil collections

Hippopotamidae Elephantidae Rhinocerotidae
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C. Omo-Turkana Basin paleosol carbonates

T 00001 T T TTT T T T
- T il
2000 i 200

o
L ot o 1
o
000 /O,
L 1 o 4
sy
° g
fos
L 1 o ]
o og
o
[ + (3 4
j 1 1 1771 1 1 F
-5 0 0 5
30, VPDB (%) 5'%0_, SMOW (%o)

39

‘enamel



Figure S8: 8'°0 values in fossil (A) evaporation insensitive taxa and (B) evaporation
sensitive taxa from paleoaridity fossil collections in eastern Africa. Error bars represent
the standard error of mean §'*O values and age uncertainty. (C) egs.g; values in
paleoaridity fossil collections. Error bars represent propagated uncertainty of egs.gr values
and age uncertainty. Shapes represent geographic region. Omo-Turkana sites are the open
triangles, Afar site is the closed diamond, and southwestern Kenya site is the grey square
(see legend).

A. Fossil evaporation insensitive taxa

Hippopotamidae Elephantidae Rhinocerotidae
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B. Fossil evaporation sensitive taxa

Giraffidae Tragelaphini Hippotragini
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C. Isotopic enrichment between fossil ES and El taxa
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