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Abstract 

In semi-arid northeastern Brazil, where water is scarce, rainforest refugia can be seen 

along the coastal relief, where the trade winds bring in humidity from the Atlantic 

Ocean, or further inland, at the Araripe plateau where water comes from aquifer 

resurgence. In order to reconstruct past changes in water resurgence and in their 

associated vegetation types, we analyzed pollen, charcoal and trace elements from 

sediment cores collected in the permanent swamps created by the resurgences. Our high 

temporal resolution analyses show that the vegetation was more sparse and drier than 

today until 2700 cal yr BP. Between 2700 and 2000 cal yr BP, palm swamp and 

evergreen forest tree taxa started to expand, suggesting an increase in water resurgence. 

At 2000 cal yr BP the moist forest with Mauritia expanded and fire activity changed 

from mixed to woody fuel particles. During the last 200 cal yr BP, a decrease in the 

palm tree Mauritia flexuosa, an expansion of Poaceae and an increase in macrocharcoal 

particles are attributed to an increase in anthropogenic activities in the Araripe Basin. 

The late Holocene climatic trend seen at Araripe mirrors that of eastern Brazil and has 

controlled the aquifer activity, including during the major droughts that affected the 

region. This is highly relevant for the application of public policies that rely on the 

aquifers of Araripe for the 21
st
 century. 
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Introduction 1 

As semi-arid environments are characterized by a scarcity, even the absence, of surface 2 

water, the main source for drinking water supply, agricultural, and industrial purposes, 3 

is generally represented by groundwater (Dillon et al., 2022).  In the semi-arid region of 4 

north-east Brazil (NEB), located between 3°S and 16°S latitude, due to shallow and 5 

stony soils originating from impermeable rocks of the crystalline basement (Sampaio 6 

1995), the water supply is predominantly from surface water basins (Ledru et al., 2020), 7 

except for a small region of central NEB which benefits from resurgences of water 8 

coming from the northeastern slope of Chapada do Araripe. Because of the natural dry 9 

conditions and increasing water demand, NEB is regularly confronted with water 10 

insecurity issues (Marengo et al., 2022). During the last century, NEB has experienced 11 

recurrent droughts, with dramatic effects on the environment (Marengo and Bernasconi 12 

2015). The Araripe plateau (Chapada do Araripe in Portuguese) is located ~500 km 13 

from the coast in the middle of a densely populated semi-arid region exposed to the 14 

effects of climate change (Marengo et al., 2020). However, the Araripe plateau sustains 15 

a forest refuge thanks to aquifer resurgence able to supply year-round water resources 16 

(Costa et al., 2023). Due to the high permability of the soils of the plateau, the water is 17 

stored in aquifers with an exudation of perennial springs at ~700 m asl. The water of 18 

these aquifers results from a strong interaction between surface water and groundwater 19 

(Mendonça et al., 2004). What confers the perpetuity of the water flow in the exudation 20 

zones of Araripe is the residence time of the water in the suspended aquifer, which 21 

according to Mendonça (2001) is 180 years, and gradually guarantees the frequency of 22 

the outflow. However, demography, agricultural practices and the on-going temperature 23 

increase are putting a threat to this precious water resource and the Brazilian water 24 

agency estimated that the amount of groundwater extracted is much larger than the 25 



mean annual recharge (Mendonça et al., 2004). In addition, the progressive decrease in 26 

precipitation is also impacting the mean annual recharge of the aquifer as for instance 27 

observed during the last long period of drought, from 2012 to 2016 (Costa et al., 2023). 28 

During the Holocene, speleothem-based climate reconstructions show a progressive 29 

installation of drier conditions in NEB from early to late Holocene along an east-west 30 

moisture gradient (Cruz et al., 2009; Utida et al., 2020). However, little is known about 31 

the evolution of the forest refugia during the Holocene. The pollen record from the 32 

Maranguape refugia (Montade et al., 2014), a rainforest enclave near the coast, showed 33 

a major dry episode at ~4200 yr BP followed by a progressive return of humidity, 34 

although never returning to the pre-4200 yr BP level. Albeit with variable intensity, the 35 

4200 yr event was well observed from the west to the east of NEB (Utida et al., 2020). 36 

However, after the 4200 yr BP event, NEB was split into two climatic regions, with 37 

western NEB becoming more moist (Xavier et al., 2024) and eastern NEB becoming 38 

drier (Utida et al., 2020). Today, as the region is subject to progressive drying (Marengo 39 

and Bernasconi 2015) it is urgent to conserve the forest to preserve the water quality. To 40 

better assess the future of the aquifers of the Araripe and their associated moist forest, 41 

we collected two sediment cores near the water resurgences and performed muliproxy 42 

analyses. We reconstructed the impacts of drought and of human activity on the 43 

vegetation dynamic and biodiversity of the Araripe plateau during the last 5300 years. 44 

Finally, we discussed the future of the forest refuge in the context of on-going climate 45 

change, the increasing demand for water in the upwelling areas for domestic and 46 

agricultural consumption and, the need to manage the provision of water for the local 47 

population. 48 

 49 

1.1 Study area 50 



Geology 51 

The Araripe Basin is a highland “oasis” located in the middle of a semi-arid region (Fig. 52 

1). The residual relief of Araripe forms a plateau of 900 km² reaching an elevation of 53 

1000 m asl (Morales and Assine, 2015), and is a unique area within the drought polygon 54 

represented by the State of Ceará (Fig. 1). It is the largest inland basin in NEB and is 55 

formed from Palaeozoic and Mesozoic continental and marine deposits. The 56 

lithostratigraphy comprises the Cariri Valley Group, with Cariri (Paleozoic), Brejo 57 

Santo (Jurassic) and Abaiara (Cretaceous) formations, and of the Araripe Group 58 

composed of Barbalha, Santana, Araripina and Exu Cretaceous formations (Assine 59 

2007). The Araripe plateau was the first Brazilian national forest conservation unit, 60 

created in 1946 and has been included in UNESCO’s Global Geoparks Network (GGN) 61 

since 2006, because of the presence of important paleontological and geological sites 62 

(Cabral and Mota, 2010; Herzog, 2017). The superposition of layers with different 63 

thicknesses, lithologies, facies and ages favored the formation of three levels of 64 

aquifers: a lower level with an average thickness of 100 m, a middle level with an 65 

average thickness of 500 m and an upper level with an average thickness of 320 m 66 

(DNPM, 1996). The upper aquifer of the Exu Formation, between 800 and 1000 m asl, 67 

is formed of fluvial sandstones with an average thickness of 320 m, situated within an 68 

exudation of perennial springs at ~700 m asl, which generate local moisture, feeding the 69 

surface hydrography and maintaining regional conditions that are in contrast to the 70 

surrounding semi-aridity (Guerra et al., 2020; 2023). 71 

Aquifer recharge depends on annual rainfall and the time for the water to resurface 72 

varies depending on the location. On the western side of the plateau the water residence 73 

lasts ~180 years, with a mean flow of ~85 m
3
/ yr (Mendonça, 2001). 74 

 75 



Climate 76 

The local climate (with a dry summer, according to Alvares et al., 2013) is characterized 77 

by a mean annual precipitation (MAP) of 1100 mm, concentrated between January and 78 

May, a mean annual temperature (MAT) of 24°C with little variation throughout the 79 

year  and a mean average annual potential evapotranspiration of ~120 mm 80 

(Supplementary Figures 1 and 2) (SUDENE, 2021).  81 

 82 

 83 

 84 

Figure 1. (A) A map of South America indicated the Brazilian biomes; (B) The location of the 85 

Araripe plateau (in black) and of the records discussed in the text: 1. Chapada das Mesas 86 

(Xavier et al., 2024); 2. Sete Cidades (Pessenda et al., 2010; Xavier et al., 2022); 3. Serra do 87 

Maranguape (Montade et al., 2014); 4. Catimbau (Moraes et al., 2020); 5. Icatu (Oliveira et al., 88 

1999); 6. Araripe National Forest (Pessenda et al., 2010); 7. Guaribas Reserve (Pessenda et al., 89 

2010); 8. Apodi cave (Utida et al., 2020); 9. Lake Boqueirão (Utida et al., 2019). (C) A map of 90 

the Araripe plateau showing the distribution of vegetation and the location of the cores OAS-20 91 



and CHA-20. (D) A topographical map of the Araripe plateau with the location of the cores 92 

OAS-20 and CHA-20; (E) A picture showing the northern edge of the Araripe plateau. 93 

 94 

 95 

Figure 2. Schematic altitudinal profile showing the main vegetation physiognomies found 96 

between the lowlands and the summit of the Araripe plateau (from Guerra et al., 2020; Loiola et 97 

al., 2015; Pessenda et al., 2010), the location of the aquifers at ~700 m elevation (blue star) and 98 

pictures of the vegetation types observed on the plateau: (A) Caatinga (during the dry season) 99 

(B) Evergreen forest, (C) cerradão, (D) cerrado sensu stricto and (E) Carrasco (see text for 100 

explanation). 101 

 102 

NEB rainfall patterns are modulated by four types of drivers that interact at different 103 

levels as a function of location (e.g., eastern NEB versus western NEB): the South 104 

American Summer Monsoon (SASM), the Inter Tropical Convergence Zone (ITCZ), 105 

cold surges activated by the temperature gradient between the southern pole and the 106 

equator, and the South Atlantic Subtropical Dipole (SASD) (Marengo and Bernasconi 107 



2015; Marengo et al., 2012, 2018; Wainer et al., 2021). The interhemispheric sea 108 

surface temperature (SST) gradient controls the position of the ITCZ north and south of 109 

the equator in the tropical Atlantic Ocean with the ITCZ at its furthest south from 110 

March to May, when NEB experiences its rainy season during the negative phase of the 111 

SASD (Wainer et al., 2021). Abnormal rainfall seen at Araripe is also observed when 112 

moisture from the South Atlantic Ocean reaches the Araripe plateau, which is 113 

modulated by the strength of the south-east trade winds and of the Atlantic Subtropical 114 

High (Rao et al., 1993). The El Niño–Southern Oscillation Events (ENSO) can have a 115 

strong influence on the interannual variation of the regional climate (Marengo et al., 116 

2017).  The historical precipitation series for Crato and Missão Velha (Supplementary 117 

Figure 1) shows irregularities in their interannual distribution with, for example, two 118 

extreme droughts in 1919 and 1958 associated with an El Niño episode. Another driver 119 

of drought conditions is the anomalous northward position of the ITCZ during a positive 120 

phase of the SASD, when colder SSTs are observed in the Southern Atlantic (and 121 

inversely for extreme rainfall) (Andreoli and Kayano, 2006; Marengo and Bernasconi 122 

2015).  123 

 124 

Vegetation 125 

The vegetation of NEB is dominated by the Caatinga phytogeographic domain (Moro et 126 

al., 2016) also known as the “drought polygon” (Polígono das secas in Portuguese).  127 

However, the flora of the Araripe plateau is under the influence of the northeastern 128 

phytogeographic Cerrado province (Ratter et al., 2003; Moro et al., 2015). It comprises 129 

typical species from several Cerrado physiognomies (Fig. 2), such as a seasonal 130 

evergreen forest, which forms a type of headwater forest near the aquifers as a 131 

consequence of the water resurgence on the northeastern slope of the plateau, and also 132 



favors frequent fogs on the top of the plateau (Loiola et al., 2015). From the moist 133 

northern edge to the dry interior of the plateau, the succession of cerradão (a semi-134 

deciduous forest), cerrado sensu stricto (a semi-deciduous woody savanna with a grass 135 

layer) and Carrasco (a deciduous shrubland) follows the soil moisture gradient (Guerra 136 

et al., 2020). Below 400 m asl, the Caatinga, a dry deciduous forest and the most 137 

characteristic vegetation of the semi-arid NEB, covers the bottom of the plateau (Fig. 2) 138 

(Guerra et al., 2020; Loiola et al., 2015; Pessenda et al., 2010; Ribeiro-Silva et al., 139 

2012). In the seasonal evergreen forest, represented by both a headwater forest near the 140 

OAS aquifer at 700 m asl (Benicío et al., 2023), and a semi-deciduous (cerradão) type 141 

of cloud forest at the top of the plateau between 904 and 967 m asl (Santos et al., 2019), 142 

the families Fabaceae, Myrtaceae and Rubiaceae present the highest number of species, 143 

while Brosinum gaudichaudii (Moraceae), Talisia esculenta (Sapindaceae), 144 

Machaerium acutifolium (Fabaceae) and Ouratea sp. (Ochnaceae) are among the most 145 

represented species (Benício et al., 2023). Other families, such as Salicaceae, 146 

Annonaceae and Chrysobalanaceae, are also well represented in both humid forest types 147 

(Supplementary Table 1).  In the cerradão, the families with the highest species richness 148 

are represented by Myrtaceae and Fabaceae (Mac do, 2014), while Ocotea nitida 149 

(Lauraceae), Protium heptaphyllum (Burseraceae), Licania sp. (Chrysobalanaceae), 150 

Cordiera myrciiflora (Rubiaceae) and Bowdichia virgiloides (Fabaceae) are among the 151 

most abundant species. In the cerrado sensu stricto, at 900 m asl, Fabaceae, Myrtaceae, 152 

Poaceae, Apocynaceae, Euphorbiaceae and Malpighiaceae. are the most represented 153 

families, and Protium (Burseraceae), Byrsonima (Malpighiaceae) and Solanum 154 

(Solanaceae) the most represented genera (Costa et al., 2004) (Supplementary Table 1). 155 

The phytosociology of an enclave of cerrado located within the Caatinga at a low 156 

elevation (200-400 m) represents a dry type of cerrado, with among others the genera 157 



Astronium and Curatella represented (Calixto-Júnior et al., 2021) (Supplementary Table 158 

1).  159 

 In the Carrasco the dominant families are Caesalpiniaceae and Lauraceae, with 160 

Senegalia langsdorffii, Hymenaea eriogyne and Manihot caerulescens among the most 161 

represented species (Ribeiro-Silva et al., 2012) (Supplementary Table 1). The Caatinga 162 

is represented mainly by the families Fabaceae and Euphorbiaceae (Lemos and Meguro, 163 

2015; Loiola et al., 2015) (Supplementary Table 1).   164 

 165 

Material and methods 166 

Coring 167 

Two sediment cores were collected in 2020 from the Mauritia swamps that today grow 168 

at the resurgence of the aquifers at ~ 700 m asl (Figures 1C and 2). The 170-cm core of 169 

Oasis Araripe (OAS-20) (7°13′52.69″S, 39°28′30.83″W, 737 m asl) was collected from 170 

the municipality of Crato, and the 130-cm core Chamu (CHA-20) (7°24’27.96”S, 171 

39°12’10.40”W, 763m asl) from the municipality of Missão Velha (Fig. 1B), using a 172 

Russian corer. The sediment cores were transferred into PVC half-tubes and sealed in a 173 

plastic sheath for transport to the University of Montpellier, France. After performing 174 

the non-destructive analyses (X-ray Fluorescence; XRF), samples for radiocarbon dates 175 

were collected from along the cores (see below); and the cores were sliced every 176 

centimeter, and the samples kept in labelled plastic bags and stored at 4ºC.  177 

 178 

Chronology, pollen, charcoal and XRF scanning 179 

A total of 11 samples from core OAS-20 and seven samples from core CHA-20 were 180 

extracted for radiocarbon dating by accelerator mass spectrometry (AMS) at the French 181 

Laboratoire de Mesure du Carbone 14 (LMC14). The age-depth models were built 182 



using the Bacon package (Blaauw and Christen, 2011), and ages were calibrated using 183 

the SHCal20 curve (Hogg et al., 2020). 184 

For the macrocharcoal analyses, samples of 0.5 cm³ taken at 2-cm intervals were 185 

prepared using bases NaOCl and KOH for bleaching and a 160-µm mesh for sieving 186 

(Stevenson and Haberle, 2005). The charcoal particles were counted and measured 187 

under a stereoscope using WinSeedle software (Regent Instruments, Quebec, Canada). 188 

The results are expressed as particles accumulation (number of particles/cm²), surface 189 

area accumulation of CHARa (total area/cm²/year) and the average width/length (W/L) 190 

ratio. The W/L ratio is a measure of burnt vegetation, where W/L < 0.5 indicates burnt 191 

grasses produced by large and intense fires in open grassland and W/L > 0.5 indicates 192 

burnt woody material produced by forested ecosystems (Aleman et al., 2013; Haliuc et 193 

al., 2023). 194 

For palynological analyses, samples of 0.5 cm³ were taken at 1-cm intervals and 195 

analyzed at 2-cm intervals using a combination of an acid-free protocol (Santos and 196 

Ledru, 2021) and standard techniques (Faegri and Iversen, 1989) to achieve better 197 

concentrations of the final residue using hydrofluoric acid when necessary to eliminate 198 

the remaining small silica particles. Two tablets of the exotic marker Lycopodium 199 

clavatum were added to the samples prior to chemical treatment, to calculate the pollen 200 

concentration (Stockmarr, 1971). At least 300 terrestrial pollen grains were counted, 201 

excluding aquatic and water level-related taxa. Pollen, spore and non-palynomorph 202 

percentages were calculated relative to the sum of terrestrial pollen sum. Pollen 203 

identification was carried out using the ISEM pollen reference collection, pollen atlases 204 

(Cassino and Meyer, 2011; Colinvaux et al., 1999; Escobar-Torrez et al., 2023b; 205 

Lorente et al., 2017) and an online database (Bush and Weng, 2007). 206 



Graphics were built using Psimpoll, a pollen-diagram plotting software (Bennett, 2009), 207 

and zonation was based on hierarchical clustering using the CONISS method (Grimm, 208 

1987).  209 

The XRF core scanning was performed at a resolution of 0.5 cm at the Laboratoire 210 

EDYTEM Université Savoie Mont-Blanc – CNRS. Two runs were adjusted at 10 KV 211 

and 30 KV to measure the trace elements.  212 

 213 

Results 214 

Lithology 215 

The sediment from core OAS-20 consisted of a laminated grey clay layer intercalated 216 

with sand and charcoal layers between 170 and 120 cm, and a brown organic clay layer 217 

between 120 and 20 cm. From 20 cm to the top there was a layer of vegetal fibers and 218 

roots, which was discarded. The sediment from CHA-20 consisted of fine grey organic 219 

clay intercalated with brown organic clay and black charcoal layers (Supplementary 220 

Figures 3, 4 and 5). 221 

 222 

1.2 Chronology 223 

The age-depth model for core OAS-20 showed a hiatus between 138 and 125 cm, with 224 

an age of 5315 cal yr BP at the base of the core (Table 1 and Fig. 3A). Pollen analyses 225 

indicated that the hiatus occurred at 128 cm (see for instance abrupt changes in Cuphea, 226 

Lindernia, Casearia on Supplementary Figure 6). Consequently, the results were 227 

considered in two parts, one for the bottom part of core OAS-20, representing the 228 

interval between 5300 and 4100 cal yr BP, and the other for the top of the core 229 

representing between 1100 and 0 cal yr BP.   230 



The base of core CHA-20 was dated to 4100 cal yr BP, with no observable gap in 231 

sedimentation (Table 2 and Fig. 3B, Supplementary Figure 7).  232 

 233 

 234 

 235 

Table 1.  Radiocarbon dates for core OAS-20, showing 
14

C calibrated BP ages (2σ 236 

ranges) (Hogg et al., 2020).   237 

 238 

 239 

Lab. code Depth (cm) δ
13

C
 14 

C yr BP Median 

probability 

(cal yr BP) 

 

SacA64739 35 -26.1 20 ± 30 360 

SacA67201 48 -26,6 470 ± 30 495 

SacA64740 55 -24,2 610 ± 30 545 

SacA67202 62 -25,7 610 ± 30 590 

SacA64075 80 -20,2 750 ± 30 690 

SacA61868 97 -28,7 1550 ± 30 875 

SacA64741 111 -36,1 1215 ± 30 1000 

SacA64076 125 -25,2 1090 ± 30 1055 

SacA64742 138 -25,2 3895 ± 30 4360 

SacA60349 149 -27,6 4465 ± 30 4920 

SacA64077 163 -20,2 4525 ± 30 5180 



 240 

 241 

 242 

Table 2 - Radiocarbon dates for core CHA-20, showing 
14

C calibrated BP ages (2σ 243 

ranges) (Hogg et al., 2020).   244 

 245 

 246 

 247 

 248 

Lab. Code Depth (cm) δ
13

C
 14 

C yr BP Median 

probability 

(cal yr BP) 

 

 

SacA67984 

 

17 

 

-24.9 

 

-120 ± 30 

 

SacA67985 43 -28,2 1670 ± 30 1525 

SacA67204 60 -28,0 2375 ± 30 2345 

SacA67986 93 -29,6 3435 ± 30 3640 

SacA67987 108 -29,2 3350 ± 30 3530 

SacA67988 121 -28,3 3785 ± 30 4110 

SacA60348 124 -28,2 3640 ± 30 3915 

 



A249 

 250 

B 251 

 252 

 253 



Figure 3. A Bacon age/depth model (red dashed line) for (A) core OAS-20 and core (B) CHA-254 

20 overlaying the calibrated distributions of the individual radiocarbon dates (blue) (see Tables 255 

1 and 2) . Dark gray areas show the 95% confidence intervals of the models (Blaauw and 256 

Christen, 2011). 257 

 258 

XRF analyses 259 

The Ti/Al ratio was used to represent the terrigenous input, which is closely related to 260 

energy transport, where high values are indicators of coarse particles deposition 261 

(Arnaud et al., 2012; Lopez et al., 2006) (Figures 4 and 5, and described within the 262 

pollen zones below). Other trace elements (Fe/Zr, K/Ti, Br/Ti, Si/Al, Ti/Ca) showed the 263 

same trends as Ti/Al and are represented in Supplementary Figures 10 and 11. 264 

 265 

Macrocharcoal analyses 266 

For macrocharcoal analyses of core OAS-20, 74 samples distributed along 150 cm of 267 

the core were taken at 2-cm intervals between 20 and 170 cm. CHARa was smaller in 268 

the lower part of the core (5300-4200 cal yr BP, between 0 and 0.008 mm²/cm²/yr) than 269 

in the upper part (1100 to 200 cal yr BP, between 0.001 and 0.016 mm²/cm²/yr) (Fig. 4). 270 

The W/L ratio highlighted two different periods of charcoal particle presence with grass 271 

particles in the bottom section and some mixed fuel particles in the upper section 272 

(Supplementary Figure 8).  273 

 274 



 275 

 276 

Figure 4. Synthetic diagrams for core OAS-20, showing arboreal pollen (AP) frequency, 17 277 

indicator pollen taxa assigned to arboreal, non-arboreal and water level-related pollen, and 278 

geochemical trace element ratios and charcoal area influx (CHARa) represented along a time 279 

scale. (A) the time interval 1100-200 cal yr BP (B) the time interval 5300-4100 cal yr BP. 280 

Pollen zones are shown by a dashed line. 281 

 282 

For core CHA-20, 65 samples distributed along the 130 cm were taken at 2-cm 283 

intervals. Macrocharcoal influx was low (<0.01 mm2/cm2/yr) in the bottom section of 284 

the core, but was higher from 3400 cal yr BP (>0.01 mm2/cm2/yr) onward (Fig. 4). The 285 

W/L ratio shows a change from mixed fuel to woody particles at ~2000 cal yr BP 286 

(Supplementary Figure 9).  287 

 288 



Pollen analyses 289 

OAS-20 core 290 

Fifty-five samples from 150 cm of core OAS-20 were taken at 2-cm intervals between 291 

20 and 170 cm. The resolution of analysis represented on average 60 years per sample 292 

in the lower section, and 23 years per sample in the upper section. A total of 118 pollen 293 

and spore taxa were identified, comprising 78 arboreal pollen taxa, 28 non-arboreal 294 

pollen taxa, two water level-related taxa (Mauritia and Cyperaceae) from damp, moist 295 

or waterlogged soils) and 10 types of fern spore. The cluster analysis indicated five 296 

main intervals of vegetation changes (Supplementary Figure 5), based on the definition 297 

of pollen zones described below. The main results are represented along a depth scale 298 

and a time scale (Fig. 4 and Supplementary Figure 6). 299 

Pollen zone OAS-1 (167-161cm, 5250-5140 cal yr BP, 5 samples) 300 

Zone OAS-1 (Fig. 4B) was characterized by a high frequency (77%) of arboreal pollen 301 

(AP), including Byrsonima (20%), Myracrodruon (15%), Mimosaceae (6%), 302 

Melastomataceae-Combretaceae (6%), Cecropia (3%), Myrtaceae (3%) and Casearia 303 

(3%). A relatively high frequency of non-arboreal pollen (NAP) (19%) included Cuphea 304 

(9%), Lindernia (5%), Poaceae (3%) and Asteraceae (2%). Soil moisture-related taxa 305 

were represented by Cyperaceae (100%). Charcoal influx was low (0.1 mm
2
/cm

2
/year).  306 

Pollen zone OAS-2 (159- 128 cm, 5110 -4170 cal yr BP, 12 samples) 307 

Zone OAS-2 (Fig. 4B) was characterized by a high frequency of NAP (49%) including 308 

Cuphea (29%), Poaceae (10%), Asteraceae (5%), Spathiphyllum (4%) and Lindernia 309 

(1%). A relatively high fequency of AP (39%) included Byrsonima (17%), Myrtaceae 310 

(5%), Cecropia (5%), Casearia (4%), Mimosaceae (3%), Melastomataceae-311 

Combretaceae (2%), Myracrodruon (2%) and Schefflera (1%). Soil moisture-related 312 



taxa were represented by Cyperaceae (100%). Charcoal influx fluctuated between 0.8 313 

and 0.06 mm
2
/cm

2
/year, with two peaks at 152 and 136 cm. Ti/Al levels fluctuated at 314 

the base and at the top of the zone.  315 

Pollen zone OAS-3 (126-92 cm, 1100 - 830 cal yr BP, 9 samples) 316 

Zone OAS-3 (Fig. 4A) was characterized by a high frequency of AP (63%) represented 317 

by Casearia (25%), Cecropia (21%), Byrsonima (7%), Melastomataceae/Combretaceae 318 

(8%), Schefflera (5%), Myrtaceae (2%) and Mimosaceae (2%). A relatively high 319 

frequency of NAP (29%) included Lindernia (18%), Cuphea (7%), Asteraceae (3%), 320 

Poaceae (2%) and Spathiphyllum (1%). Soil moisture-related taxa included Cyperaceae 321 

(99%) and, for the first time, the palm tree Mauritia (1%). Macrocharcoal influx ranged 322 

between 0.2 and 0.06 mm2/ cm
2
/year. Ti/Al showed small fluctuations until the end of 323 

the zone.  324 

Pollen zone OAS-4 (92- 66 cm, 830- 610 cal yr BP, 12 samples) 325 

Zone OAS-4 (Fig. 4A) was characterized by a high frequency of AP (65%) with 326 

Melastomataceae-Combretaceae (25%), Casearia (13%), Cecropia (11%), Byrsonima 327 

(10%), Myrtaceae (2%), Mimosaceae (2%) and Schefflera (2%). A relatively high 328 

frequency of NAP (27%) included Lindernia (12%), Cuphea (6%), Asteraceae (4%), 329 

Poaceae (3%) and Spathiphyllum (2%). Soil moisture-related taxa were represented by 330 

Cyperaceae (98%) and Mauritia (2%). Macrocharcoal influx increased progrressively 331 

from 0.01 to 1.8 mm
2
/cm

2
/yr then decreased at the end of the zone. Ti/Al was relatively 332 

stable throughout the zone, until a decrease at the end.  333 

Pollen zone OAS-5 (64-20 cm, 600-200 cal yr BP, 17 samples) 334 

Zone OAS-4 (Fig. 4A) was characterized by a high frequency of AP (56%), including 335 

Melastomataceae-Combretaceae (18%), Byrsonima (14%), Casearia (10%), Cecropia 336 



(9%), Schefflera (2%), Myrtaceae (1%) and Mimosaceae (2%). NAP frequency reached 337 

30% and included Lindernia (15%), Cuphea (5%), Asteraceae (5%), Poaceae (4%) and 338 

Spathiphyllum (1%). Soil moisture-related taxa were represented mainly by Cyperaceae 339 

(98%) and Mauritia (2%). Charcoal influx fluctuated between 0.1 and 1.5 340 

mm
2
/cm

2
/year, with no charcoal at ~500 cal yr BP. Ti/Al decreased until the end of the 341 

zone, when the trend was inverted. 342 

 343 

CHA-20 core 344 

Fifty-seven samples from 118 cm of core CHA-20 were taken at 1-cm intervals between 345 

10 and 128 cm, and were analyzed at 2-cm intervals. The resolution of analysis ranged 346 

between 57 and 15 years per sample. A total of 73 pollen taxa, two water level-related 347 

taxa (Cyperaceae, Iridaceae and Xyris), 10 types of spore and four algae were identified. 348 

The cluster analysis indicated five main intervals of vegetation change (Supplementary 349 

Figure 7) based on the definition of pollen zones described below. The main results are 350 

represented along a time scale in Fig. 5. One tree taxon, Astronium, was consistently 351 

well represented all along the record with frequency ranging between 2 and 10%. 352 

Pollen zone CHA-1 (128 to 64 cm, 4090 - 2635 cal yr BP, 29 samples)  353 

Zone CHA-1 (Fig. 5) was characterized by 58% AP, with Ilex (5%) and Protium 354 

increasing at the end of the zone, Myrtaceae (1-3%) and absent between 94 and 78 cm 355 

(3600 – 2850 cal yr BP), and Cecropia (9%), Curatella (12%), Schefflera (7%). Among 356 

the NAP, Poaceae showed the highest frequency (14%), with Cuphea being well 357 

represented (7%) together with Asteraceae (20%) and Cyperaceae (7%). Macrocharcoal 358 

influx appeared in two stages, with a low influx of less than 0.01 mm
2
/cm

2
/year 359 

increasing to 0.04 mm
2
/cm

2
/year at the end of the zone. Trace elements also occurred in 360 



two stages, with low Ti/Al between 4100 and 3650 cal yr BP, and high Ti/Al between 361 

3650 to 2635 cal yr BP. Ti/Al then abruptly decreased at the end of the zone.  362 

Pollen zone CHA2 (62 to 50 cm, 2560 – 1870 cal yr BP, 9 samples) 363 

Zone CHA-2 (Fig. 5) was characterized by high AP frequencies (66%), including Ilex 364 

(9%), Curatella (5%), Cecropia (7%), and Alchornea (2%) at the end of the zone. The 365 

NAP showed a sharp decrease in Poaceae (0%), and a decrease in Asteraceae (12%) and 366 

Cuphea (3%), compared with the previous zone, along with Cyperaceae (15%) and 367 

Spathiphyllum (6%). Macrocharcoal influx was low, ~0.004 mm
2
/cm

2
/year, at the 368 

beginning of thee zone and increased up to 0.075 mm
2
/cm

2
/year at the end of the zone. 369 

After reaching a maximum at ~2400 cal yr BP, Ti/Al decreased progressively until 370 

reaching the lowest value of the record at 1890 cal yr BP, synchronous with a charcoal 371 

peak. 372 

Pollen zone CHA3 (48 – 30 cm, 1780 – 800 cal yr BP, 10 samples) 373 

Zone CHA-3 (Fig. 5) was characterized by an increase of AP frequencies (84%) and the 374 

absence of Poaceae. Among the main tree taxa were observed Melastomataceae-375 

Combretaceae (16%), Mauritia (2-11%), Ilex (18%), Alchornea (3%), Cecropia (12%), 376 

Shefflera (7%), Mimosaceae (3%). NAP was represented by Asteraceae (4%) and 377 

Cyperaceae (2%). Macrocharcoal influx fluctuated between 0.05 and 0.2 mm
2
/cm

2
/year, 378 

with a peak of 3.5 mm
2
/cm

2
/year observed at 1038 cal yr BP. Ti/Al remained stable 379 

throughout the zone. 380 

Pollen zone CHA4 (28 – 20 cm, 700 – 250 cal yr BP, 5 samples) 381 

Zone CHA-4 (Fig. 5) was characterized by a small decrease in AP (68%) and the 382 

absence of Poaceae. Curatella (10%), Ilex (6%), Protium (4%) and Mauritia (17%) 383 

were well represented within the AP taxa and Borreria (2%) in the NAP. Macrocharcoal 384 



influx was high, ranging between 0.01 and 0.03 mm
2
/cm

2
/year, and decreasing to 0.003 385 

mm
2
/cm

2
/year at the end of the zone. Ti/Al levels fluctuated. 386 

Pollen zone CHA5 (18 – 10 cm, 125 – 0 cal yr BP, 5 samples) 387 

Zone CHA-5 (Fig. 5) was characterized by a disappearance of Protium and a decrease 388 

in Mauritia (9%), while Cecropia (3%), Melastomataceae-Combretaceae (6%), Ilex 389 

(1%) and Astronium (3%) were well represented. NAP included Asteraceae (7%), and 390 

an increase in Spathiphyllum (15%), Poaceae (11%), Borreria (4%), Cuphea (3%) and 391 

Cyperaceae (4%). Macrocharcoal influx was low, at 0.003 mm
2
/cm

2
/year. Ti/Al 392 

increased sharply. 393 

 394 

 395 

 396 

Figure 5. A synthetic diagram for core CHA-20, showing arboreal pollen (AP) 397 

frequency, 20 indicator pollen taxa assigned to arboreal, non-arboreal and water level-related 398 

pollen, and geochemical trace elements and charcoal area influx (CHARa) represented along a 399 

time scale. Pollen zones are shown by a dashed line. 400 

 401 

 402 



 403 

 404 

Figure 6. Changes in vegetation at Araripe over the last 5300 years, as reconstructed from 405 

changes in arboreal pollen and five indicator taxa from cores OAS-20 (yellow horizontal band 406 

between 5300 and 4100 cal yr BP) and CHA-20 (green horizontal band from 4100 cal yr BP to 407 

modern). 408 

  409 



 410 

Interpretation and discussion 411 

Vegetation changes in the region of Araripe  412 

With OAS-20 representing the time intervals 5300 to 4100 cal yr BP and 1100 cal yr BP 413 

to present and CHA-20 the interval from 4100 to present, thus covering the hiatus of 414 

OAS-20, we reconstructed regional changes in vegetation and fire for the last 5300 415 

years (Fig. 6). Differences in the expression of the vegetation between the two cores for 416 

the last 1000 years (the only common interval between the two cores), with higher 417 

Casearia in OAS-20 and higher Curatella in CHA-20s, can probably be explained by 418 

their respective locations, with OAS collected in a more humid area (Supplementary 419 

Figure 2) and a steeper slope than CHA. For the last 1000 years, our high temporal 420 

resolution allowed to compare our changes in vegetation and fire with the climate 421 

changes observed by speleothems.  422 

Between 5300 and 4100 cal yr BP, the landscape was open, with a dominance of 423 

Poaceae, Cuphea and Asteraceae-Tubuliflorae. Cuphea is commonly observed today on 424 

lake margins around Caatinga or Cerrado (Matias et al., 2021; Ledru et al., 2020). The 425 

tree cover was mainly represented by Byrsonima, Myrtaceae, and Piptadenia 426 

(Mimosaceae), species commonly observed today in the Cerrado, Carrasco and Araripe 427 

Oasis reserve (Supplemental Table; Benício et al., 2023; Costa and Araújo, 2007). 428 

However, their low frequency and concentration suggest that the tree cover was 429 

probably scarce and that the area around the aquifer was likely covered by a herbaceous 430 

layer including Poaceae, Cuphea and Cyperaceae (see Fig. 2). During this interval, fire 431 

activity was low, increasing progressively until ~4300 cal yr BP. The charcoal peak at 432 



4300 BP is synchronous with a peak in coarse deposition (Ti/Al; Fig. 4B) which could 433 

be due to a single local event. 434 

The hiatus observed in OAS-20 is dated to ~4200 cal yr BP, when a severe drought was 435 

observed from western to eastern NEB (Montade et al., 2014; Xavier et al., 2024). 436 

CHA-20 sedimentation started at 4100 cal yr BP, and the vegetation represented after 437 

the 4200 cal yr BP drought was characterized by tree taxa such as Astronium, Cecropia, 438 

Schefflera and Curatella, and, among the herbs Asteraceae-Tubuliflorae, Cuphea, 439 

Poaceae, which suggest a more open landscape with sparse trees of a cerrado until 2700 440 

cal yr BP. Indeed, the tree composition, the persistence of Cuphea and the absence of 441 

Spathiphyllum suggest a dry cerrado similar to the lowland cerrado observed in the 442 

region today (Calixto-Júnior et al., 2021), with lower-than-today water levels in the 443 

aquifers.  444 

A peak in fire activity was observed between 2700 and 2600 cal yr BP, synchronous 445 

with an erosive event (Ti/Al; Fig. 5). The peak could represent a single event with a 446 

sudden accumulation of sediment. The interval from 2700 to 2000 cal yr BP was 447 

characterized by a change to more humid conditions, with the dry herbaceous layer 448 

(Cuphea, Poaceae) being replaced by Cyperaceae and the expansion of Mauritia and 449 

Ilex (Fig. 5). The largest peak in fire activity was observed at 2000 cal yr BP and was 450 

also synchronous with an erosive event (Ti/Al; Fig. 5). This episode occurred during a 451 

gradual change in W/L from a mixed fuel particles towards the dominance of woody 452 

particles thus suggesting a sharp change in the landscape. 453 

Between 2000 and 1500 cal yr BP there was a dominance of the moist forest with 454 

Alchornea and Ilex, two indicator taxa for Cerrado gallery forest (Escobar-Torrez et al., 455 

2023a). While at 1500 cal yr BP the dominance of the swamp palm tree Mauritia and 456 

the herbaceous Spathiphyllum, indicates the installation of humid conditions at the 457 



coring sites. Spathiphyllum is commonly observed in gallery forest on the river banks 458 

(Matias et al., 2021), which in our study area is represented by the aquifer environment. 459 

 From 2000 to 1500 cal yr BP the expansion of the moist forest was synchronous with 460 

high fire activity, probably the result of local human settlements and activities.  461 

From ~1000 cal yr BP until the last two centuries, Mauritia was well represented at 462 

Araripe, together with Ilex and Melastomataceae-Combretaceae in both records, and 463 

Casearia in OAS-20, suggesting more humid conditions and higher soil moisture levels. 464 

However, this humid interval was interrupted by a drier episode that started at ~900 cal 465 

yr BP, including an erosive event indicated by Ti/Al (Fig. 4A and Supplementary Figure 466 

10) followed by an increase in the pioneer taxa Cecropia at ~850-800 cal yr BP, with a 467 

decrease in regional tree taxa. After 800 cal yr BP, the return of higher moisture levels 468 

and high fire activity until ~600 cal yr BP, was observed in both records (Figs 4A and 469 

7). During the last 200 cal yr BP, a decrease in tree taxa including the palm tree 470 

Mauritia flexuosa, and the re-expansion of Poaceae and an increase in macrocharcoal 471 

particles (Figs 6 and 7), can be attributed to an increase in human activities in the 472 

Araripe Basin (see below).  473 

Our high temporal resolution results highlight the vulnerability of Mauritia in 474 

particular, and headwater forest taxa in general, which require permanent edaphic 475 

moisture absent during the dry episodes when aquifer water recharge was probably 476 

lower. 477 

 478 

Climatic implications  479 

Between 5300 and 4200 cal yr BP, the presence of a dry open vegetation at Araripe was 480 

anti-phased with the installation of more moist conditions in western NEB (Xavier et 481 

al., 2024) and in central Brazil (Escobar Torrez et al., 2023a), when monsoon activity 482 



became more intense (Novello et al., 2017). The absence of speleothem deposition at 483 

Apodi between 4000 and 3600 cal yr BP was associated with low rainfall, and a dry 484 

climate prevailed during the last 4000 years compared with the interval before 5000 485 

years ago (Utida et al., 2019). At Araripe, between 4000 and 3000 cal yr BP, the 486 

persistence of dry climatic conditions is in agreement with the pollen record from 487 

Maranguape, a moist forest refugium ~500 km north of Araripe (Fig. 1B), which 488 

showed a drier interval than today from ~5300 to 4200 cal yr BP, and the return of 489 

wetter conditions after 3500 cal yr BP (Montade et al., 2014). Thus, the persistence of 490 

dry climatic conditions at Araripe after 4000 years suggests that it is located outside the 491 

core monsoon domain that reached western NEB during the Holocene (Novello et al., 492 

2017). 493 

Headwater forest taxa started to expand after 3000 cal yr BP suggesting moister 494 

conditions in the aquifer than during the previous interval, as also indicated by the Ti/Al 495 

ratio (Fig. 5 and Supplementary Figure 11), although still drier than during the early-496 

mid Holocene. At the same time, Maranguape and Apodi records (Fig. 1B) showed a 497 

return of the forest and an increase in soil production (Montade et al., 2014; Utida et al., 498 

2019). The full expansion of the palm tree Mauritia was observed after ~2000 cal yr BP 499 

suggesting that the water resource from the aquifer was reduced until at least 2700 cal 500 

yr BP. From 3000 cal yr BP onward, the NEB climate shows a dichotomy, with a 501 

change from wetter to drier conditions in eastern NEB (Utida et al., 2020), and from 502 

drier to wetter conditions in western NEB (Xavier et al., 2024). Our results show that 503 

Araripe’s climatic evolution synchronized with eastern Brazil, with a wetter pre-4200 yr 504 

event (Lima et al., 2021) and a drier climate since then, under the influence of the 505 

SASD, winter trade winds and northward cold air incursions (Wainer and Venegas, 506 

2002; Wainer et al., 2021).  507 



During the last 1000 years, our high temporal resolution records showed no major 508 

changes in the vegetation cover have been observed, suggesting that the aquifer was 509 

stable. However, changes in trace elements (Figs 4A and 5) suggest four main variations 510 

in the precipitation regime. The first interval, between 1100 and 1000 cal yr BP, is 511 

characterized by a high Ti/Al ratio, associated with an increase in coarse sediment and 512 

irregular rainfalls. The second interval, between 1000 and 900 cal yr BP, is 513 

characterized by a low Ti/Al ratio, associated with fine material and regular rainfall. 514 

During the third interval, between 900 and ~500 cal yr BP, the highest Ti/Al ratio in the 515 

last 1000 years was seen, with two sharp decreases at 760 cal yr BP and at 600 cal yr 516 

BP, corresponding with the dry interval seen at 700-500 cal yr BP at Lake Boqueirão 517 

(Utida et al., 2019) and Sete Cidades (Xavier et al., 2022). During this interval an 518 

increase in Curatella, a tree taxon of the dry cerrado at Araripe (Calixto-Júnior et al., 519 

2021), was observed. Finally, in the fourth interval, between 500 and 350 cal yr BP, the 520 

Ti/Al ratio was lower than in the previous interval, in agreement with a relatively humid 521 

phase seen at Lake Boqueirão (Utida et al., 2019) and at Sete Cidades (Xavier et al., 522 

2022). In conclusion, the high temporal resolution rainfall variability reconstructed at 523 

Araripe for the last 1000 years is in agreement with the results obtained by isotope 524 

records and showed an in-phase with the other eastern NEB paleo records. 525 

 526 

Fire activity and human impacts 527 

 528 

 529 

 530 

 531 



 532 

Figure 7. Fire activity at Araripe during the last 1100 years, from cores CHA-20 and OAS-20, 533 

based on charcoal influx (CHARa) and the width/length ratio (W/L). The dashed horizontal line 534 

shows the 0.5 division used for W/L (see Methods). 535 

 536 

Fire activity at Araripe is similar to other NEB charcoal records deposited in sediment 537 

(Oliveira et al., 1999; Moraes et al., 2020; Xavier et al., 2024) (Fig. 1B), with a low 538 

influx interrupted by abrupt peaks. The relatively weak fire activity observed in our 539 

records is probably related to low ignition (Haliuc et al., 2023). In the earliest part of the 540 

OAS-20 record the W/L values less than 0.5 likely characterize the limited availability 541 

of fuel in the herbaceous vegetation and the distance between the site and the source of 542 

fuel. During the last 4000 years, a dominance of mixed fuel particles is associated to 543 

different vegetation and probably some nearby human activity (Haliuc et al., 2023) 544 

(Supplementary Figures 8 and 9). The frequency of natural fire regimens is directly 545 

related to climate seasonality, and the vegetation type, density and biomass available as 546 

a fuel source (Gomes et al., 2018; Pivello et al., 2021). In the Cerrado, natural burnings 547 



occur during the transition from dry to wet seasons, ignited by lightning (Ramos-Neto 548 

and Pivello, 2000). The OAS and CHA records showed no increase in CHARa during 549 

periods of increased humidity, as for example, at 2700 cal yr BP in CHA-20, where, in 550 

contrast, a strong decrease in fire activity was observed (Supplementary Figure 9); or at 551 

~1800 cal yr BP, when a peak in charcoal was associated with erosive conditions and 552 

the forest expansion (Figs 5, 6 and Supplementary Figure 11). Thus, charcoal peaks at 553 

Araripe are inferred to relate to human activity rather than local natural fire.   554 

During the last 1100 years, the OAS and CHA records show an out-of-phase signal in 555 

fire activity, with a higher influx before 650 cal yr BP in CHA-20 and after 650 cal yr 556 

BP in OAS-20 (Fig. 7). The last 1100 years are characterized by the presence of the 557 

evergreen forest, suggesting that moisture rates were higher than before. In humid 558 

forests, natural fires are rare because the high moisture content in the soil and vegetation 559 

prevents the biomass burning (Pivello et al., 2021). Thus, the high fire activity observed 560 

in our records during the moist phase showed two kinds of origin. First, fires that 561 

originated at a distance from our sites, as, for example, the peak observed in the CHA-562 

20 record at 2000 cal yr BP is associated with mixed fuel particles (Fig. 5 and 563 

Supplementary Figure 9). Second, fires were locally anthropogenic in character, as, for 564 

example, with the absence of a peak in OAS-20 between 500 and 400 cal yr BP 565 

associated with woody particles (Fig. 7). 566 

In NEB, the presence of humans dates back 30,000 years (Guidon et al., 1994; Gruhn 567 

2020), and was almost continuous until the mid-Holocene (Bueno, 2011; Herzog, 2017; 568 

Lahaye et al., 2015). In the region of Araripe, human settlements relating to Macro-Gê 569 

language family, the Kariri group, were recorded during the late Holocene (Souza et al., 570 

2020) until ~340 cal yr BP (1610 AD) (Martin, 2013). The date of 1610 AD could 571 

correspond to European arrival also linked to a sharp change in fire activity observed at 572 



both sites between 1350 and 1650 AD (650 and 450 cal yr BP on Fig. 9). Although 573 

archaeological information is far too scarce, we suggest that the presence of a water 574 

source in the middle of a semi-arid region would have been very attractive for human 575 

settlements (Lima-Verde, 2015). Consequently, the observed peaks in macrocharcoal 576 

probably relate to an increase in human activities during the last 1100 years at Araripe, 577 

with different occupations represented at the two sites. 578 

After 1700 AD, European incursions were seen in the Araripe region, as stockbreeders 579 

from the east, searching for new pastures and water resources, started to trade with the 580 

native Kariri (Pompeu-Sobrinho, 1956). In the early 1900s, thanks to this exceptional 581 

permanent water resource, farmers were able to cultivate sugarcane crops intensively in 582 

the middle of the semi-arid, until a decline in the second half of the 20th century 583 

(Menezes, 2007). From the 1970s onwards, the abundant and easily accessible water 584 

allowed growth of urbanization at Araripe, comprising the cities of Crato, Juazeiro do 585 

Norte and Barbalha, is notorious in the context of semi-arid socioeconomic 586 

development, popularly known as the “sertão” (Queiroz, 2017).  587 

Today, in arid and semiarid areas managed aquifer recharge (MAR) is often promoted 588 

as a solution to water scarcity (Dillon et al., 2022). MAR usually consists in exploiting 589 

existing underground storage and negating evaporation losses or climatic changes 590 

(Dillon et al., 2022). Our results show that the vegetation is also affected by the changes 591 

in the groundwater recharge that strongly relates to rainfall with a percolation time of 592 

180 years for the western region of the plateau and inversely, that this resurgence water 593 

also depends on the conservation of the vegetation cover at the plateau. Thus, we show 594 

that in a context of recurrent drought, higher temperature and higher evaporation, 595 

increasing demand for water for domestic and agricultural consumption, the time of lack 596 

of water might come soon, putting a critical threat to the current policies. 597 



 598 

Conclusion 599 

Our study highlights the effects of drought and human activity on the diversity and 600 

composition of forests and on the water resources of aquifers in Araripe during the last 601 

5300 years. Late Holocene regional changes at Araripe are in phase with eastern NEB 602 

climatic pattern with the persistence of drier-than-today climatic conditions after 4000 603 

cal yr BP. The implications of our results are twofold: first, the regional vegetation is 604 

associated with global climate changes, e.g., the tree taxon Curatella, as an indicator of 605 

dry climatic conditions, persisted after the end of the 4200 cal yr BP drought; second, 606 

local vegetation at a resurgence e.g., headwater forest taxa, provides an indication of 607 

aquifer activity. The aquifers are tightly linked with the mean annual precipitation over 608 

the plateau of Araripe, and the current water abundance is a result of the moist phase 609 

that has prevailed over the last few centuries. However, with a time lag of ~180 years, 610 

along with the projected decreasing of the mean annual rainfall, the amount of water in 611 

the aquifers will decrease in the future, thus posing a threat to the water resources. 612 

Public policies put in place during the last decade need to be discussed and re-evaluated 613 

in the light of our results to ensure future water availability. 614 
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OAS-20 (black line), based on charcoal influx (CHARa) and the width/length ratio (W/L) 689 

(dotted lines with the same respective colors). The dashed line shows the 0.5 division used for 690 

W/L (see Methods). 691 
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