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Abstract33

The Galapagos Islands are a global hotspot of environmental change. However, despite their34

potentially major repercussions, little is known about current and expected changes in35

regional terrestrial climate variables and Sea Surface Temperatures (SST). Here, by36

analysing existing meteorological observations and secondary datasets, we find that the37

Islands have warmed by about 0.6°C since the early 1980s, while at the same time becoming38

drier. In fact, the onset of the wet season is currently delayed 20 days. This drying trend may39

reverse, however, given that future climate projections for the region suggest mean annual40

precipitation may increase between 20 and 70%. This would also be accompanied by more41

extreme wet and hot conditions. Further, we find that regional SST has increased by 1.2°C42

over the last two decades. These changes will, in turn, translate into deterioration of marine43

ecosystems and coral, proliferation of invasive species, and damages to human water, food,44

and infrastructure systems. Future projections, however, may be overestimated due to the45

poor capacity of climatic models to capture Eastern-Pacific ENSO dynamics. Our findings46

emphasize the need to design resilient climate adaptation policies that will remain robust in47

the face of a wide range of uncertain and changing climatic futures.48
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64

The Galapagos Islands is one of the major vulnerable global hotspots to environmental and65

climatic change1,2. This is due to their unique location, which causes them to be exposed to66

various oceanographic and climatological variations and affects the distribution of marine67

species and habitats across the archipelago. In particular, the Inter-Tropical Convergence68

Zone (ITCZ), as well as the El Niño Southern Oscillation (ENSO), together with a complex69

interplay of ocean currents and winds, govern the regional climatic dynamics3–6. Other70

geophysical conditions are thought to have shaped the evolution of unique ecosystems, which71

are home to the emblematic species that make Galapagos famous throughout the world7.72

Apart from influencing the Islands’ biological and ecosystem diversity, the climate —and its73

land-ocean impacts— also has repercussions on local socioeconomic conditions and overall74

human welfare6. For instance, oscillations in Sea Surface Temperature (SST), due to changes75

in primary productivity, are often linked to fish abundance and distribution8–12. Such changes76

affect artisanal fisheries that harvest at least 68 fish species and several marine invertebrates77

for domestic consumption and overseas exports13–15.78

In addition, conditions related to El Niño have been linked to a decrease in nutrient and79

phytoplankton concentrations and massive die-offs of terrestrial and marine species,80

including coral reefs16–20, as well as serious damages to infrastructure and major economic81

losses21. Indeed, the El Niño events experienced in 1982-83 and 1997-98 are thought to be82

the most intense since pre-industrial times. On the other hand, in 2016, the Islands83

experienced drought conditions resulting from La Niña. This delayed the onset of the rainy84

season, posing difficulties for agricultural activities and overall water supply. These85

conditions led local authorities to declare a state of emergency.86

Ultimately, climatic changes will have severe implications for the Islands’ food and water87

security. This is of particular importance given that the Islands are also home to about 25,00088

people22, a number that increases significantly if we also take into account the approximately89

270,000 tourists who visit the islands each year23 (a 23-fold increase from the 11,765 tourists90

recorded in 197915). Taken together, climate changes, along with greater stress on food, water91

and overall social systems, will also have repercussions for the Islands’ natural diversity and92

conservation strategies.93
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However, despite the clear role played by climate in the Galapagos Islands, little is known94

about the region’s present and future climatic trends6. This is of particular relevance for the95

islands of Santa Cruz, San Cristobal, and Isabela, since they are home to over 99% of the96

Islands’ population24. There is also an overall lack of understanding of current SST trends. A97

failure to acknowledge climate and SST changes may, in turn, severely undermine our ability98

to understand the extent of the fragility of human populations and ecosystems (along with99

their diversity) on the Islands.100

The main aim of this paper is to provide an analysis of recent historical climatic observations101

and future projections available specifically for the Galapagos Islands. Its objectives are102

threefold: first, we describe the recent trends (1981-2017) for key terrestrial land surface103

climatological variables (precipitation and temperature) for the two Islands with sufficient104

hydrometeorological records (Santa Cruz and San Cristobal). To expand our understanding105

of key climatic variables during this period, we also include re-analysis products and satellite106

sources (as given by CHELSA, MODIS, ERA5, and CHIRP products; see Materials and107

Methods for details) to detect these trends in the region. We the estimate climatological108

values for Isabela. Second, we report historical SST trends for the Galapagos Marine Reserve109

(GMR) as read by MODIS products. Third, by examining climate projections derived from110

both Ecuadorian (Ecuadorian Ministry of Environment, or MAE, for its acronym in Spanish)111

and international climatological repositories (as given by the CHELSA projections) we shed112

light on the future evolution of the terrestrial-climate variables. Our analysis also seeks to113

provide an initial diagnostic on the dispersion of climatological datasets, highlighting the114

lack of sufficient observational records available.115

116

1. Results117

118

1.1.Current and Observed Temperature Trends119

We find that mean annual land surface temperatures over the last 35 years (1981 – 2017)120

ranged from 22°C to about 26°C as read by the meteorological stations in Santa Cruz and121

San Cristobal (Figure 1). Over this period, we note that mean land surface temperature has122

increased by approximately 0.6°C in the lowlands (regions with altitude less than 250 meters123

above sea level (m.a.s.l). Here the increase in mean annual temperature  is approximately124
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0.02°C/year, sd ±0.4) (Supplementary Figure 1). In the highlands (regions with an altitude125

above 250 m.a.s.l.), mean land surface temperature has increased by approximately 0.21°C126

(0.02°C/year, sd ±0.2). It is of particular note that, in the highlands, this increase responds127

mainly to higher observed temperatures during the dry/cold season (Jun-Nov). In the coastal128

region, or lowland areas, the pattern is reversed: here, the rate of mean temperature increases129

is higher during the wet/warm season (Dec-May).130

We also find that the MODIS-LST satellite product seems to significantly overestimate131

observations (Supplementary Figure 2). ERA-5 re-analysis data seems to merely132

approximate observed meteorological values, and solely in the Coastal zone of Santa Cruz,133

while CHELSA historical temperature estimates seem to detect seasonality and magnitudes134

better. We also found that, on this dataset, temperature distributions show a lapse rate of135

0.55 °C per 100 meters. The thermal amplitude ranges from a mean air condition of 24°C at136

sea level to as cold as 15°C at 1600 m.a.s.l., at the highest, mountainous regions of the islands137

(Supplementary Figure 3). Also, as read by CHELSA, it can be observed that over the recent138

decades, mean temperatures in the coastal region of Isabela were around 22.7 (sd ±0.3),139

whereas in the highlands, they were around 19.8 (sd ±0.7).140

141
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142

Figure 1. Mean annual precipitation and temperature values as observed by the143

meteorological stations in Santa Cruz and San Cristobal between 1981-2017 for: a)144

Coastal Regions, b) Highland Regions. Error bars are shown for precipitation and145

confidence intervals (95%) for temperature.146
147

148

1.2. Current and Observed Precipitation Trends149
150

1.2.1. Temporal Trends151
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As for precipitation, during the 1981-2017 period, mean annual rainfall in Santa Cruz and152

San Cristobal was about 500mm (sd ±185 in the coastal-arid regions, concentrated primarily153

in the wet/warm season (Figure 1). During the dry/cold season, mean rainfall was around 130154

mm (sd ±65). On the other hand, in the highlands the mean annual rainfall ranges from about155

1050 mm and 1670 mm—the difference between wet/warm and dry/cold is not as156

accentuated as in the coastal/low areas. During the dry/cold season, water vapour from the157

ocean surface rises and condenses at higher altitudes, and this condensation creates fog and158

heavy mists in the highlands (referred to locally as garúa)4,6. In the highlands, this garúa159

may account for nearly 35% of total rainfall in July and August on the island of Santa Cruz.160

Our results also show that precipitation is highly variable, particularly during the wet season.161

This mainly corresponds to the influence of the El Niño years (1982-83 and 1997-98) on162

island climate (See Supplementary Figure 1): these years were almost three times wetter than163

non-El Niño years (about 3000mm of mean annual precipitation for El Niño years vs164

1100mm for non-El Niño years).165

166

Over the period analyzed, we notice a decreasing trend in the mean annual precipitation167

values across the Islands. Indeed, our analysis finds a significant decreasing rainfall trend for168

both San Cristobal and Santa Cruz over the last decade (Table 1). This is mainly caused by169

significant reductions in precipitation during the wet season, which could be as high as about170

140mm (in the highlands of Santa Cruz, or 27% of seasonal rainfall). We also find that the171

dry season in Santa Cruz over the last decade has shown a positive wetting trend, particularly172

in the highlands (about 43mm or 9% of seasonal rainfall, or 4% of the region’s total annual173

rainfall). However, a slightly wetter dry season may not be sufficient to compensate for the174

wet season losses. In fact, when compared with the 1981-2000 period, both islands were on175

average 45% drier during the first two decades of this century (Supplementary Table 1).176

177

It is nonetheless important to recognize the influence of strong El Niño events in these trends.178

When we remove the 1982-83 and 1997-98 events from the time series, various of the drying179

trends described above are reversed. For instance, without ENSO events, rainfall in fact180

increases by over 40% during the last decade in the highland of San Cristobal (Supplementary181

Table 1). Trends may thus be biased by the influence of unusual and very wet ENSO events182

during the 1982-1983 and 1997-1998 periods.183
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184
Table 1. Precipitation Trend Analysis for San Cristobal and Santa Cruz Islands for the 1981-2018185
period. Trends were obtained from a Modified Mann-Kendall’s Test (MMKT) to investigate the186

presence of monotonic trends (upward or downward)25. Results of trend tests are reported at a 90%187
confidence interval. Marked cells correspond those where a significant trend was found. Light red188

cells mark periods where a drying trend is observed, whereas those colored light blue mark where a189
wetting trend is detected.190

COAST
Annual Wet Season Dry Season

Period Q p-value Q p-value Q p-value

SAN
CRISTOBAL

1981 - 1990 4.6 0.70 14.5 0.17 -2.1 0.37
1991 - 2000 -6.9 0.85 -2.6 0.80 6.3 0.45
2001 - 2010 -1.3 1.00 -7.5 0.72 -5.0 0.00
2011 - 2018 -76.5 0.01 -70.8 0.01 -4.4 0.01

SANTA
CRUZ

1981 - 1990 -35.9 0.06 -10.6 0.34 -2.5 0.25
1991 - 2000 -26.2 0.48 -23.8 0.43 -1.7 0.70
2001 - 2010 5.2 0.25 8.4 0.27 -3.2 0.00
2011 - 2018 -58.6 0.00 -61.2 0.00 5.9 0.00

HIGHLANDS
Annual Wet Season Dry Season

Period Q p-value Q p-value Q p-value

SAN
CRISTOBAL

1981 - 1990 -47.6 1.00 25.7 0.64 -20.1 0.36
1991 - 2000 -40.5 0.70 14.8 1.00 10.0 0.20
2001 - 2010 13.3 1.00 25.5 1.00 0.6 0.58
2011 - 2018 -132.7 0.00 -39.2 0.07 -75.5 0.00

SANTA
CRUZ

1981 - 1990 - - - - - -
1991 - 2000 -55.1 0.09 -34.5 0.42 -6.4 0.64
2001 - 2010 -6.2 0.10 7.0 1.00 -27.0 0.00
2011 - 2018 -95.5 0.30 -138.1 0.03 43.4 0.04

191

192

This is particularly important since the wet season seems to be typically responsible for up193

to 75% and 55% of annual precipitation in the coastal and highland regions, respectively, of194

Santa Cruz. We can also identify a decreasing trend at the beginning of the rainy season195

(Figure 2) in Santa Cruz. In fact, we find that over the past two decades, a delay of almost 20196

days can be observed in the rainy season onset in the coastal region. This is more acute if we197

also consider the extension in the number of days it presently takes to reach the 10% of198

accumulated precipitation, which was usual in the final decades of the 20th century (around199

80mm). While in the 1980s and 1990s it took only around 35 days to reach this threshold,200
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the 2000’s it has taken over 70 days. In the highlands, the delay in reaching 10% of the annual201

accumulated precipitation is currently about 7 days (32 days vs 39). However, the number of202

days it takes to achieve 10% of the annual precipitation common in the 1990s (32 days) at203

present takes about 45 days. However, we also find that current precipitation in the dry/cold204

season (from approximately day 180 onwards) and especially in the highlands —where the205

garúa maintains humidity levels— has decreased in magnitude compared to the 20th century,206

confirming the drying trends described above. These results also suggest that the rainy season207

is both becoming drier and starting later.208

209

210
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211
Figure 2. Onset of the rainy season over the a) Coastal and b) Highland Regions of Santa212

Cruz. The onset of the rainy season is defined as the day since December 1st (theoretical213

beginning of the rainy season) when the cumulative 10% precipitation of the total annual214

rainfall was achieved. Dots show the day where the 10% of the mean total annual215

precipitation for a given decade is achieved. Shaded areas represent standard error.216

217
1.2.2. Spatial Trends218

We find that the reanalysis precipitation from ERA5 product (Supplementary Figure 2) better219

approximates those read by the meteorological stations in Santa Cruz and San Cristobal.220

Nevertheless, this dataset seems to underestimate precipitation estimates in San Cristobal and221

appears to overestimate precipitation in the coastal areas of Santa Cruz. On the other hand,222

when comparing the meteorological precipitation observations with the CHELSA historical223

datasets and CHIRPS satellite observations, we find that these two sources do not adequately224

capture annual mean precipitation magnitudes and seasonality. The later seems to adequately225

detect seasonality, yet its magnitudes are largely underestimated. In Isabela, ERA5 estimates226

that total annual precipitation in the highlands typically ranges from about 565mm to about227

855mm, while on the coasts, it ranges from about 580mm to about 740mm.228
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1.3.Future Climate229

In terms of future climatological patterns for the Islands, in general, the Ecuadorian, MAE,230

and CHELSA climate projections suggest a consistent future warming trend and wetting231

conditions on the three main islands studied, which is consistent across the Galapagos Islands232

(Figure 3, and Supplementary Figure 5).  The MAE multi-model ensembles project increases233

in average annual precipitation of between 30% and 45% across the Islands by 2050,234

suggesting a wetter future. Spatially, estimated increases in annual rainfall are accentuated235

on San Cristobal. As for temperature, we find that the total ensemble of climate projection236

estimates increases between 1.4 and 1.9 °C by the 2050-time horizon for RCP 4.5 and RCP237

8.5, respectively.238

239

However, the specific magnitude of the projected changes differs across modelling efforts,240

scenarios, and decades. Conservative estimates (typically RCP 4.5) project an increase in241

mean annual temperatures of just 0.5°C for the next two decades (both MAE and CHELSA242

projections, when compared with the historical reference period) (Figure 3). Meanwhile, the243

most extreme climate projections (RCP 8.5) suggest that temperatures may increase up to244

2.5°C in the period from 2040-2060. The MAE’s output typically simulates these extreme245

future conditions, while CHELSA projections estimate a maximum temperature increase of246

just about 1.8°C by said time period. Likewise, as expected, the RCP 8.5 scenarios lead to247

greater levels of warming than CP 4.5, a difference which would be accentuated during the248

2040-2060 decades.249

250
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251
Figure 3. Summary of climate projections for projected average temperature and252

precipitation changes relative to the historic baseline as simulated by the MAE and253

CHELSA modelling efforts. Temperature on the y-axis represents absolute change in254

temperature. The x-axis represents percentual changes in precipitation. Circles represent255

outputs from the CHELSA modelling projections used here, and triangles represent those256

from the MAE experiments. The saturation of colors determines the RCP climate scenario;257

low color intensities represent RCP4.5, while high color intensities represent RCP8.5258

259

As with temperature, precipitation projections differ across models. We find that the multi-260

model mean annual precipitation over the next two decades would increase between 5% and261

around 25% across the three islands evaluated, and indeed, throughout the overall region262

(Figure 3). In general, MAE estimates for the future appear to be at the higher end of the263

overall ensembles, whereas CHELSA precipitation increases seem to be more conservative.264
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This pattern seems to result from an intensification of the wet seasons, since relative increases265

increase in accordance with the annual estimate (in contrast to the dry season, where some266

scenarios even project a reduction in precipitation). For the decades between 2040 and 2060,267

precipitation may increase even more: climate projections suggest that rainfall in the268

Galapagos may increase between 20 and 70% (Figure 3). Similarly, MAE projections269

generally estimate a wetter future, particularly for RCP 4.5 scenarios (as opposed to RCP 8.5270

scenarios). According to these projection subsets, by the end of the century, wet season271

conditions may intensify by up to 80%.272

273

Lastly, we also calculate changes in extreme conditions in the islands (Figure 4). Temperature274

anomalies indicate that for the lower percentile (10th percentile) of the ensemble of scenarios275

and models used here, temperature increases range from 1°C and 1.5°C (Figure 4b). This276

result suggests that cooler days in the Galapagos Islands may become hotter. In the case of277

the upper percentile (90th percentile, Figure 4d), the estimations show an increase in278

temperature between 1.5°C and 2.5°C, meaning that warm days would become hotter.279

Overall, these results suggest the more frequent occurrence of abnormally hot conditions,280

which could then translate into more common heatwaves.281

282

Magnitudes of extreme wet anomalies (90th percentile) increase between 60% and 85% for283

the 2040-2060 period (Fig. 4c). This is particularly evident on Isabela, where extreme284

precipitation may typically increase by about 70%. As for extreme dry conditions (10th285

percentile, Fig. 4a), we find that the low precipitation is likely not to significantly change286

(percentual changes between -5% and +5%). However, we note that the northern parts of the287

three islands analysed here, and indeed the Archipelago, extreme dry anomalies would288

become at least 5% drier.289

290

While we acknowledge the existence of other more sophisticated techniques and metrics to291

calculate extreme precipitation and temperature characteristics, our objective here is to292

provide an initial overview of these types of hydrometeorological conditions.293

294
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295
Figure 4. Multi-model ensemble changes in extreme wet and dry anomalies in the296

Galapagos Islands for the 2040-2060 period. Upper panels show multi-model changes in297

precipitation (a, %) and temperature (b, oC) for the 10th percentile (P10, extreme dry and298

cool anomalies). Lower panels show multi-model changes in precipitation (a, %) and299

temperature (b, oC) for the 90th percentile (P90, extreme wet and hot anomalies).300

301

1.4.Current and Observed Sea Surface Temperature Trends302

303

In the Marine Reserve area, our results show that SST has increased at a rate of 0.06 °C per304

year over recent decades (Figure 5a). For the 2002-2018 period there was an overall increase305

of 1.2°C. We also observed high spatial and temporal heterogeneity in the SST throughout306

the Galapagos Marine Reserve (GMR). The Western, Central and Southern regions of the307

GMR showed cooling anomalies over the last two decades, whereas the Northern, the far308

Northern and some coastal areas of the Eastern and Central regions showed warming309

anomalies for the year 2002 (Figure 5b).310
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311
Figure 5. (a) Mean Sea Surface Temperature (SST) in the Galapagos Marine Reserve312

(GMR) derived from the SST MODIS L3 product for 2002-2018. Line represents the fitted313

linear regression between observed mean SST in the GMR for each year. The shaded area314

represents the 95% confidence interval (b) Mean annual anomalies of Sea Surface315

Temperature (SST) in degrees for the period 2002-2018. White lines represent the five316

marine bioregions of the GMR as defined by Edgard et al. (2004)26.317

318

Likewise, the interannual changes observed in satellite-derived patterns showed both the319

spatial and temporal variability between cool and warm zones (Supplementary Figure 6). Our320

analysis revealed warmer SST transitions for the periods 2002-2003, 2007-2008, 2010-2011,321

2013-2014, and 2016-2017, demonstrating that the gap between cooling and warming phases322

has decreased over the observed period. Indeed, we find that following the warming peak323
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registered in 2015 and La Niña of 2016, a widespread warming trend was observed in the324

Central-South-Eastern region for the remaining of the period studied (Supplementary Figure325

6).326

327

Simultaneously, the Mann-Kendall test confirms different warming trends in the GMR328

bioregions (Supplementary Table 2). We notice that the far Northern, Northern and Central-329

South-Eastern bioregions exhibited significant warming trends (tau = 0.362, P-value = 0.048;330

tau = 0.362, P-value = 0.048; tau = 0.368, P-value = 0.044, respectively), whereas the331

Elizabeth and Western bioregions reported no significant warming trends (tau = 0.185, P-332

value =0.32; au = 0.309, p-value =0.091). These results demonstrate the influence of333

exposure to warm and cool currents on differentiated warming trends among the GMR334

(Figure 6). Multiple regression analyses show that SST in the GMR could be explained by335

the time period (year), the spatial distribution of SST (longitude), and the exposure to warm336

currents (Supplementary Table 2).337

338

Figure 6. Annual exposure of the Galapagos Marine Reserve (GRM) to warm (a), and cool339

(b), currents. Black lines represent the five marine bioregions of the GMR as defined by340

Edgard et al. (2004)26.341

342



17

343

2. Conclusions and Implications for the Galapagos Islands344

345

Our results explain the recent historical and future climatic trends on the Islands of San346

Cristobal, Santa Cruz, and Isabela. We first find that a warming trend over recent decades is347

accompanied by a decrease in precipitation values across these islands (particularly during348

the wet season). Indeed, a registered increase of about 0.6°C is accompanied by a reduction349

of around 45% of total precipitation, compared to the 1980s. This situation becomes more350

acute considering that we also found a delay of about 20 days in the onset of the rainy season351

over the last decade. Drier islands will naturally have repercussions on regional water-352

dependent systems, but the extent to which drier conditions may affect water supply,353

irrigation, and overall water and food security for the settled and floating human populations354

on the Islands requires further investigation. A further factor to take into consideration is that355

sectorial competition for water in the Islands would, in turn, impact natural systems. At356

present, human decisions on the Islands are thought to play the largest role in shaping the357

regional ecosystems and landscape dynamics27.358

359

However, the drying trends found here may be biased by the fact that, during the final decades360

of the 20th century (as compared to the previous four centuries) El Niño events were unusually361

strong in the Eastern Pacific28. The decrease in Eastern Pacific El Niño activity during this362

century may explain the detected drying trends. In fact, our results founnd that if the El Niño363

years are not considered in our calculations, these drying trends are attenuated, or even364

reversed. Unusual wet periods during the late 20th century may result in biases when seeking365

to understand future climatic trends: wetter than usual baseline conditions may in turn lead366

to overestimate water availability across the Islands.367

368

Our results also provide an understanding of the future climatic conditions that may369

characterize the Islands. The CHELSA and MAE models consistently agree on a wetting and370

warming trend across the region. In fact, precipitation is projected to increase between 20371

and 70% and temperature may even increase up to 2.5 oC, in comparison with the last four372

decades. These increments will be accompanied by augmenting hot and wet extremes, which373

would ultimately translate into more severe heatwaves and floods in the region.374



18

375

These extreme conditions will, in turn, have significant impacts on natural and human376

systems. For example, increase in rainfall conditions as a result of ENSO events can trigger377

a substantial growth of herbs and vines and change the community structure of arid378

ecosystems, making them more susceptible to colonization by invasive species29. The379

increase in the prevalence of pathogens and parasites during rainy conditions can also lead380

to bird populations (e.g. finches and mockingbirds) being overwhelmed, resulting in lower381

breeding and fledging success30. Likewise, wetter conditions may alter plant growth and382

community structure, accelerate soil erosion rates, and provide better conditions for invasive383

species4. Also, previous extremely wet conditions in the Galapagos (from past El Niño384

events), have led to economic losses, damages to infrastructure, damages to cropland, and385

impacts on human lives and ecological richness, including coral disturbances and386

biodiversity loss 21,31,32. Subsequent efforts will need to account for the present and future387

vulnerability levels of natural and social systems (including food, water, and infrastructure)388

to these types of extremes.389

390

Nonetheless, these future estimates may be constrained by the ability of General Circulation391

Models (GCMs) to represent climate change in the equatorial Pacific33. In the case of the392

Galapagos region, major discrepancies have been reported between GCMs and observed393

tropical Pacific SSTs trends. These discrepancies result from the deficiencies of CMIP5394

experiments in adequately capturing the Equatorial Pacific cold tongue 34. As a result, GCM395

outputs for the Galapagos region are thought to overestimate the warming and wet trend35.396

In fact, the projected warmer and wetter future contradicts the recent drying trends (described397

previously). More importantly, if the unusual wet decades in the late 20th century and the398

overestimation of future precipitation in the Galapagos Islands are not carefully addressed,399

this will lead to misinterpretations regarding the Islands’ water availability and hydrological400

processes. Further efforts should thus investigate future changes of specific drought and401

flood-metrics in the Islands as well as shifts in key sub-regional hydrological processes such402

as future highland mists (garúa) conditions, while cautiously addressing these constrains.403

We likewise found that over the past two decades, SST within the GMR had a mean absolute404

increase of 1.2°C from 2002 to 2018. This approximation is higher than the mean warming405

estimates for the Equatorial Pacific over the last 40 years (0.4º-0.8º)36, and, critically, greater406
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increases are expected in this region due to greenhouse warming37. Rising SST will in turn407

result in increased rainfall, which would intensify the natural and human disturbances408

discussed previously. Previous extreme climatic events have seriously affected productive409

habitats in the GMR, coral reefs, and coral and macroalgae communities, as well as410

oceanographic features38,39. Higher SST will also have variable effects on fish species: for411

example, positive changes in temperature are expected to yield more variable tuna and412

yellowfin biomass40,41. As a whole, climatic changes will aggravate the already significant413

degradation of marine ecosystems caused by anthropogenic pressures2,42. Despite this, the414

response of fisheries in the Galapagos to climate change, and its consequences for regional415

economic activities and food security, remain poorly understood.416

We also found a heterogenous warming and cooling pattern in the GMR. This, in turn, may417

respond to the associated convergence of the three major current systems in the Galapagos418

Archipelagos (the Panama, Humboldt, and Cromwell currents). While ENSO events are419

thought to temporarily disrupt these currents, the extent to which global warming may also420

affect these processes is not clear16,43. Ultimately, the formation of a micro region of421

upwelling cold water in the Western and Elizabeth bioregions of the GMR would also lead422

to enhanced phytoplankton concentration, thus determining marine diversity43.423

424

Our results highlight the general warming trend observed in the Islands in both surface air425

temperatures and SSTs. This has been accompanied by a drying trend, which may be reversed426

given that climate projections show a hotter and wetter future. However, considering the427

major reported uncertainties in GCMs, such estimates should be carefully examined. At the428

same time, we also acknowledge other limitations and uncertainties in understanding429

climatological and SSTs patterns in the Islands’. They include, among others, the lack of a430

comprehensive, publicly available network of instruments to capture the entire geographical431

diversity of the Archipelagos. As such, we also emphasize the need to incorporate uncertainty432

and climate risk-based approaches as the bases for planning strategies in the water, food,433

conservation, and other climate-connected sectors in the Galapagos Islands. These strategies434

must be both robust in the face of a wide range of potentially uncertain climate conditions,435

as shown in this study, and flexible, allowing the Islands to adapt to future climatic and non-436

climatic scenarios that are less than uniform.437
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438

3. Materials and Methods439

In this study, precipitation and historical observations of temperature were first obtained from440

the five active weather stations publicly available on the Islands, which have information441

spanning three decades or more. These stations are managed by the Ecuadorian National442

Meteorological and Hydrological Institute (INAMHI, for its acronym in Spanish) with the443

collaboration of the Charles Darwin Research Station (CDRS).  They are divided as follows:444

four principal climatological stations, and one precipitation-only station (Supplementary445

Figure 7).446

447

We obtained observations from the four stations located on both San Cristobal and Santa448

Cruz islands, since they have recorded data for a period of 30 years or more. We should note449

that three stations, M0192, M0191, and M0221, provided both precipitation and air450

temperature readings, whereas M0508 records only rainfall. The meteorological station in451

the coastal region of Santa Cruz (M0191) has kept records since 1965, whereas the station in452

the highlands of the same island has been recording data since 1988. To maintain temporal453

consistency between stations and ensure an adequate comparison across time, we have used454

the data from the 1980s onwards.455

We also acknowledge the existence of other meteorological stations owned by NGOs,456

individuals, and private institutions. However, they are not publicly available, or lack the457

temporal extension required for a robust multi-year analysis.  For example, the station at458

Isabela (M0194) began its readings in 2002, and the recorded data is only available until459

2004. As such, meteorological stations on Isabela are not functional for the purpose of this460

study. The Universidad San Francisco de Quito’s Galapagos Science Center likewise461

manages five stations on San Cristobal, but their temporal availability ranges from two to six462

years. The lack of sufficient observations, combined with the complex topography and463

habitat diversity in the islands, thus prevented us from following traditional extrapolation464

exercises.465

We also used an altitude threshold of 250 m.a.s.l. to differentiate between coastal (low) and466

highland regions. This threshold is first given by the estimated altitude at which condensation467

(and thus drizzle and heavy mist) occurs and has been identified in previous research3,6. This468
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threshold has been applied for past studies, principally in the agricultural, agrodiversity, and469

food security sectors on the inhabited islands44. We acknowledge that this threshold may470

reflect variation if spatial variability within specific islands is accounted for. However, we471

believe that this altitude sufficiently captures the climatological and other physical dynamics472

that serve to differentiate between high and lowlands for the multi-island comparison effort.473

Next, we enriched the meteorological records from INAMHI by including available satellite474

observations, as well as climatological reanalysis products. As such, we first evaluated how475

satellite products describe temperature and precipitation patterns in the islands analyzed. To476

carry this out, we used the Climate Hazards Group InfraRed Precipitation with Station477

(CHIRPS)45and MODIS46 satellite products for precipitation and temperature analysis,478

accordingly. We also then evaluated ERA-Interim or ERA547 temperature and precipitation479

products for the region.480

CHIRPS is a land-only daily rainfall dataset available since 2014. Compared with all other481

existing precipitation databases, the principal characteristic of this dataset is the high482

resolution of the available data (0.05 degrees ≈ 5km). As with MODIS, we use the Land483

Surface Temperature and Emissivity (MOD11C3) product, which provides high spatio-484

temporal data for the “skin” temperature at 0.05 degree of resolution. ERA5, on the other485

hand, is a recent product that provides gridded records of precipitation and air surface486

temperature at high temporal resolution and with somewhat finer spatial resolutions than487

other gridded data products of climate variables. This product has been developed by the488

Copernicus Climate Change Services and the European Centre for Medium-Range Weather489

Forecasts (ECMWF) with a 0.1° grid resolution. The time range of the datasets used here490

spans a 38-year period (1981-2017) except for MODIS data, which is available from 2000491

until the present.492

We also acknowledge that while the products used here are already calibrated against local493

observations, more local applications and studies would be benefit from additional data494

manipulation and correction techniques. Similarly, the differing degree resolutions of the495

various products used should be recognized. While the cross-product comparison occurs at496

the grid level, our findings may be also biased by physical and climatological processes that497

are not captured or are oversimplified at the sub grid level.498
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To understand the potential impact of climate change on the Galapagos Islands, we examined499

temperature and precipitation from: i) the official estimates from the MAE, to downscale500

climate projections from four selected CMIP5 and; ii) climate outputs from the CHELSA501

effort. The MAE climate projections consist of the dynamically downscaled outputs of four502

GCMs: CSIRO-Mk3-6-0, GISS-E2-R, IPSL-CM5A-MR, MIROC-ESM. The final spatial503

resolution of this product is 10km. For more information see48.504

505

CHELSA is a high resolution (30 arc sec, ~1km) dynamical global climate dataset for land506

surface areas, which is hosted by the Swiss Federal Institute for Forest, Snow and Landscape507

Research (WSL)49. Here we use a collection of 13GCMs that have been reported to better508

represent and capture the Eastern-Pacific ENSO dynamics50,51, and thus are relevant for the509

Galapagos Islands. The GCMs used here are: CNRM-CM5, CSIRO-Mk3-6-0, FGOALS-g2,510

GFDL-ESM2G, GFDL-ESM2M, GISS-E2-H, GISS-E2-R, HadGEM2-CC, HadGEM2-ES,511

IPSL-CM5A-LR, IPSL-CM5A-MR, MIROC-ESM, and NorESM1-M. Climate conditions512

were characterized for the reference or baseline periods 1979-2013 and 1981-2015 for513

CHELSA and MAE data, respectively. Overall, the CHELSA and the MAE efforts provided514

us with a total of 55 climatic scenarios.515

516

Changes in extreme precipitation and temperature conditions was calculated from the517

ensemble of models used here. This is from the total 55 scenarios combining climate518

trajectories and modelling efforts. Extreme anomalies (very hot, very warm, very cool, and519

very dry conditions) are obtained from the 90th and 10th percentile estimates for the total of520

ensembles. For each ensemble, change was calculated from the difference between the future521

projections and their historical reference periods (979-2013 and 1981-2015 for CHELSA and522

MAE data, respectively.)523

Lastly, to assess SST variation, we used the NASA annual SST MODIS L3 satellite product524

for 2002 – 2018 with a spatial resolution of 4 km. For this, we ran a simple linear regression525

model between the annual mean SST of the entire Galapagos Marine Reserve (GMR) during526

the observed period, which provided an estimation of the increasing trend of inter-annual527

SST variability. Then, we estimated SST anomalies using a reference mean surface528

temperature of 25 °C, calculated for the GMR for the year 2002. The differences between the529

reference temperature and the grid values for each year were calculated. Finally, we estimated530
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the mean anomaly for the 2002-2018 period. For this, the spatial and temporal patterns531

observed in the SST anomalies and trends, respectively, were analysed by a Mann-Kenndal532

following the Pohlert et al. (2016) approach52.533

The test for SST was conducted independently for the five Marine Bioregions26 using the534

mean SST of the GMR per year. Because there were differentiated spatial patterns and535

increasing trends for each marine bioregion, we built two models of exposure to sea currents536

for the GMR: first, we modelled exposure to warm and cool currents with intervals of 20 km;537

second, we assessed the combined effect of multiple environmental variables in explaining538

SST trends for the observed time period through a multiple regression analysis using standard539

least-squares for fitting a model with annual SST values as the dependent variable. This540

analysis was implemented with all the SST data for the GMR. As predictive variables, time541

period, the exposure to warm currents, and longitude were used. Before the regression542

analysis was carried out, we conducted a Pearson correlation analysis between all the543

variables to exclude strongly correlated (Pearson correlation, r < 0.6) explanatory variables544

(Supplementary Figure 8). We selected the best model by minimizing the residual mean545

square, the Akaike information criterion (AIC), and maximizing r2.546

547



24

548

4. References549

550

1. Hobday, A. J. & Pecl, G. T. Identification of global marine hotspots: sentinels for551
change and vanguards for adaptation action. Rev. Fish Biol. Fish. 24, 415–425552
(2014).553

2. Escobar-Camacho, D., Rosero, P., Castrejón, M., Mena, C. F. & Cuesta, F. Oceanic554
islands and climate: using a multi-criteria model of drivers of change to select key555
conservation areas in Galapagos. Reg. Environ. Chang. 21, 1–26 (2021).556

3. Hamann, O. On climatic conditions, vegetation types, and leaf size in the Galápagos557
Islands. Biotropica 101–122 (1979).558

4. Trueman, M. & d’Ozouville, N. Characterizing the Galapagos terrestrial climate in559
the face of global climate change. Galapagos Res. 67, 26–37 (2010).560

5. Snell, H. & Rea, S. The 1997-98 El Niño in Galápagos: can 34 years of data estimate561
120 years of pattern? Not. Galápagos 60, 111–120 (1999).562

6. Sachs, J. P. & Ladd, S. N. Climate and oceanography of the Galapagos in the 21st563
century: expected changes and research needs. Galapagos Res. 67, 50–54 (2010).564

7. Edgar, G. J. et al. El Niño, grazers and fisheries interact to greatly elevate extinction565
risk for Galapagos marine species. Glob. Chang. Biol. 16, 2876–2890 (2010).566

8. Wooster, W. S. & Hedgpeth, J. W. The Oceanographic setting of the Galápagos. in567
The Galápagos. Proceedings of a Symposium of the Galápagos International568
Scientific Project (RI Bowman, ed.) pp 100–101 (1966).569

9. Houvenaghel, G. T. Oceanographic conditions in the Galápagos Archipelago and570
their relationships with life on the islands. in Upwelling ecosystems 181–200571
(Springer, 1978).572

10. Chavez, F. P. & Brusca, R. C. The Galapagos Islands and their relation to573
oceanographic processes in the tropical Pacific. in Galapagos marine invertebrates574
9–33 (Springer, 1991).575

11. Witman, J. D. & Smith, F. Rapid community change at a tropical upwelling site in576
the Galápagos Marine Reserve. Biodivers. Conserv. 12, 25–45 (2003).577

12. Palacios, D. M. Seasonal patterns of sea-surface temperature and ocean color around578
the Galápagos: regional and local influences. Deep Sea Res. Part II Top. Stud.579
Oceanogr. 51, 43–57 (2004).580

13. Schiller, L., Alava, J. J., Grove, J., Reck, G. & Pauly, D. The demise of Darwin’s581
fishes: evidence of fishing down and illegal shark finning in the Galápagos Islands.582
Aquat. Conserv. Mar. Freshw. Ecosyst. 25, 431–446 (2015).583

14. Zimmerhackel, J. S., Schuhbauer, A. C., Usseglio, P., Heel, L. C. & Salinas-de-584
León, P. Catch, bycatch and discards of the Galapagos Marine Reserve small-scale585



25

handline fishery. PeerJ 3, e995 (2015).586

15. Toral-Granda, V. Galapagos Islands: a hotspot of sea cucumber fisheries in Latin587
America and the Caribbean. Sea cucumbers A Glob. Rev. Fish. trade 231–253588
(2008).589

16. Wang, C. & Fiedler, P. C. ENSO variability and the eastern tropical Pacific: A590
review. Prog. Oceanogr. 69, 239–266 (2006).591

17. Jarrin, J. R. M. & Salinas-de-León, P. Effects of the 2016 El Niño on the Galapagos592
artisanal coastal fin-fish fishery. (PeerJ Preprints, 2018).593

18. Robinson, G. & Del Pino, E. M. El Nino in the Galapagos Islands: the 1982-1983594
event. Charles Darwin Found. Quito, Ecuador 38, 50–54 (1985).595

19. Trillmich, F. & Limberger, D. Drastic effects of El Niño on Galapagos pinnipeds.596
Oecologia 67, 19–22 (1985).597

20. Glynn, P. W. State of coral reefs in the Galápagos Islands: natural vs anthropogenic598
impacts. Mar. Pollut. Bull. 29, 131–140 (1994).599

21. Vos, R., Velasco, M. & Edgar de Labastida, R. Economic and social effects of El600
Niño in Ecuador, 1997-1998. (Inter-American Development Bank, 1999).601

22. Instituto Nacional de Estadística y Censos (INEC). Compendio Estadístico 2015.602
INEC 25, (2015).603

23. Dirección del Parque Nacional Galápagos (Directory of the Galapagos National604
Park). Informe Anual Visitantes a las de Galápagos áreas protegidas de Galápagos.605
14 (2019).606

24. Instituto Nacional de Estadística y Censos (INEC). Análisis de resultados definitivos607
Censo de Población y Vivienda Galápagos 2015. 1–43 (2015).608

25. Sen, P. K. Estimates of the regression coefficient based on Kendall’s tau. J. Am. Stat.609
Assoc. 63, 1379–1389 (1968).610

26. Edgar, G. J. et al. Bias in evaluating the effects of marine protected areas: the611
importance of baseline data for the Galapagos Marine Reserve. Environ. Conserv.612
212–218 (2004).613

27. Restrepo, A. et al. Impacts of climate variability and human colonization on the614
vegetation of the Galápagos Islands. Ecology 93, 1853–1866 (2012).615

28. Freund, M. B. et al. Higher frequency of Central Pacific El Niño events in recent616
decades relative to past centuries. Nat. Geosci. 12, 450–455 (2019).617

29. Hamann, O. The El Nino influence on the Galápagos vegetation. in El Niño in the618
Galápagos Islands: the 1982–1983 Event (ed. Robinson, G. & del Pino, E.) 299–330619
(Charles Darwin Foundation, 1985).620

30. Cimadom, A. et al. Invasive parasites, habitat change and heavy rainfall reduce621
breeding success in Darwin’s finches. PLoS One 9, e107518 (2014).622

31. Tye, A. & Aldaz, I. Effects of the 1997-98 El Niño event on the vegetation of623



26

Galápagos. Not. Galápagos 60, 22–24 (1999).624

32. Glynn, P. W. Coral mortality and disturbances to coral reefs in the tropical eastern625
Pacific. in Elsevier oceanography series 52, 55–126 (Elsevier, 1990).626

33. Hourdin, F. et al. The art and science of climate model tuning. Bull. Am. Meteorol.627
Soc. 98, 589–602 (2017).628

34. Coats, S. & Karnauskas, K. B. Are simulated and observed twentieth century tropical629
Pacific sea surface temperature trends significant relative to internal variability?630
Geophys. Res. Lett. 44, 9928–9937 (2017).631

35. Seager, R. et al. Strengthening tropical Pacific zonal sea surface temperature632
gradient consistent with rising greenhouse gases. Nat. Clim. Chang. 9, 517–522633
(2019).634

36. Hartmann, D. L., Tank, A. M. G. K. & Rusticucci, M. IPCC Fifth Assessment635
Report, Climatie Change 2013: The Physical Science Basis. IPCC AR5, 31–39636
(2013).637

37. Cai, W. et al. Increased variability of eastern Pacific El Niño under greenhouse638
warming. Nature 564, 201–206 (2018).639

38. Glynn, P. W., Riegl, B., Purkis, S., Kerr, J. M. & Smith, T. B. Coral reef recovery in640
the Galápagos Islands: the northernmost islands (Darwin and Wenman). Coral Reefs641
34, 421–436 (2015).642

39. Karnauskas, K. B., Jenouvrier, S., Brown, C. W. & Murtugudde, R. Strong sea643
surface cooling in the eastern equatorial Pacific and implications for Galápagos644
Penguin conservation. Geophys. Res. Lett. 42, 6432–6437 (2015).645

40. Dueri, S., Bopp, L. & Maury, O. Projecting the impacts of climate change on646
skipjack tuna abundance and spatial distribution. Glob. Chang. Biol. 20, 742–753647
(2014).648

41. Senina, I. et al. Impact of climate change on tropical Pacific tuna and their fisheries649
in Pacific Islands waters and high seas areas. 14th Regul. Sess. Sci. Comm. WCPFC.650
Busan, Repub. Korea (2018).651

42. Hoegh-Guldberg, O. et al. Coral reefs under rapid climate change and ocean652
acidification. Science (80-. ). 318, 1737–1742 (2007).653

43. Wolff, M., Ruiz, D. J. & Taylor, M. El Niño induced changes to the Bolivar Channel654
ecosystem (Galapagos): comparing model simulations with historical biomass time655
series. Mar. Ecol. Prog. Ser. 448, 7–22 (2012).656

44. Allauca Vizuete, J. L., Valverde Vanegas, Y. M. & Tapia, C. Conocimiento, manejo657
y uso de la agrobiodiversidad en la Isla San Cristóbal. Boletín Técnico no. 173 76658
(2018). doi:http://repositorio.iniap.gob.ec/handle/41000/4982659

45. Funk, C. et al. The climate hazards infrared precipitation with stations—a new660
environmental record for monitoring extremes. Sci. data 2, 1–21 (2015).661

46. Wan, Z., Hook, S. & Hulley, G. MOD11A2 MODIS/Terra land surface662
temperature/emissivity 8-day L3 global 1km SIN grid V006. NASA EOSDIS L.663



27

Process. DAAC 10, (2015).664

47. Hersbach, H. et al. The ERA5 global reanalysis. Q. J. R. Meteorol. Soc. 146, 1999–665
2049 (2020).666

48. Ministerio del Ambiente (MAE). Tercera Comunicación Nacional del Ecuador667
sobre Cambio Climático. (Ministerio del Ambiente del Ecuador (Ministry of the668
Environment of Ecuador), 2017). doi:ISBN 976-994-22-145-2669

49. Karger, D. N. et al. Climatologies at high resolution for the earth’s land surface670
areas. Sci. data 4, 170122 (2017).671

50. Bellenger, H., Guilyardi, É., Leloup, J., Lengaigne, M. & Vialard, J. ENSO672
representation in climate models: From CMIP3 to CMIP5. Clim. Dyn. 42, 1999–673
2018 (2014).674

51. Kim, S. T. & Yu, J. The two types of ENSO in CMIP5 models. Geophys. Res. Lett.675
39, (2012).676

52. Pohlert, T. Non-parametric trend tests and change-point detection. CC BY-ND 4,677
(2016).678

679



1

Climate and Sea Surface Trends in the Galapagos Islands

Supplementary Material

Homero A. Paltán1,2*, Fátima L. Benitez2, Paulina Rosero3, Daniel Escobar-Camacho3,

Francisco Cuesta3, Carlos F. Mena2

1 Galapagos Science Center, Universidad San Francisco de Quito (USFQ), Galapagos,

Ecuador

2 School of Geography and the Environment, University of Oxford, Oxford, UK

3Grupo de Investigación en Biodiversidad, Medio Ambiente y Salud -BIOMAS -,

Universidad de las Américas (UDLA), Quito, Ecuador

* Corresponding Author, email: homero.paltanlopez@ouce.ox.ac.uk



2

Supplementary Figure 1. Multi-annual mean precipitation and temperature values. Bars in

precipitation indicate variations whereas blurred regions in temperature indicate standard

deviation. Time series shown for San Cristobal and Santa Cruz as detected by meteorological

stations (1981-2017).
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Supplementary Figure 2. Mean annual precipitation and temperature values as observed by the
meteorological stations in Sant Cruz and San Cristobal between 1981-2017 and compared with
CHELSA, ERA, and MODIS datasets. Shaded areas represent montly variation. Note that we
do not show temperature estimates for highlands in San Cristobal since the station in this region
is just pluviometric. Shaded areas indicate the confidence Interval (95%)
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Supplementary Figure 3. (a) Annual precipitation and (b) mean air temperature for the period
1977-2013 along the elevation gradient in the Galápagos Islands. Box plots represents the
interquartile range of the dataset, whereas the whiskers represent the percentiles 5 and 95
respectively.   The median is shown with a line inside each box plot. Elevation ranges were
defined based on quartiles frequencies derived from a 1km2 SRTM elevation model. Climate
data were derived from CHELSA datasets.
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Supplementary Figure 4. Spatial distribution of annual average precipitation and temperature
(mm and °C, respectively) over the Galapagos archipelago from a) satellite observations; b)

ERA5 reanalysis dataset and; c) CHELSA downscaling dataset.
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Supplementary Table 1. Precipitation changes (mm) in the last four decades in the San
Cristobal Santa Cruz Islands. Ref. A = reference period 1981-2000; Ref. B = reference period

1981-2000 but without ENSO events.

COASTAL HIGHLAND
Prec.
(mm)

Change (%)
Prec. (mm)

Change (%)
Period Ref. A Ref. B Ref. A Ref. B

SAN
CRISTOBAL

1981 - 1990 597.3 - 67.3 1770.7 - 39.2

1991 - 2000 701.4 6.8 96.4 2077.6 6.5 63.3

2001 - 2010 377.5 -42.5 5.7 1011.5 -48.2 -20.5

2011 - 2017 346.3 -47.3 -3.0 1867.6 -4.3 46.8

SANTA
CRUZ

1981 - 1990 596.8 - 67.8 no data - -

1991 - 2000 653.7 0.8 83.8 1263.6 11.4 44.3

2001 - 2010 327.3 -49.5 -8.0 1037.3 -8.6 18.5

2011 - 2017 367.3 -43.3 3.2 985.5 -13.1 12.6
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Supplementary Figure 5. Multi-model means of annual projected changes in a) precipitation
and b) temperature across the Galapagos Islands by 2050-time horizon.
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Figure 6. Inter-annual percentage of change of diurnal SST from 2002 to 2018. The
plotted values are represented in discrete intervals from -5% to 10% of change in respect to the
previous year. Extremes below -5% are represented in light blue, extremes over 10% are
represented in red and specified below the plot of each time period respectively. The values in
percentage displayed in the coloured intervals, correspond to the distribution of the
observations for each time period.
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Supplementary Table 2. Multiple regression model for SST for the period 2002-2018

Estimate Std.error t-value Prob (>|t|)

Intercept 25.29 0.0080 3189.580 < 2e-16

Year 0.073 0.0005 144.810 < 2e-16

Longitude -0.308 0.0090 -32.260 < 2e-16

Dwarm -2.732 0.0100 -272.290 < 2e-16

Summary of fit

r2 P AIC RSE

0.470 < 2e-16 267273.9 0.8
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Supplementary Figure 7. Geographical location of Galapagos in relation to mainland
Ecuador. Location of the active hydrometeorological stations on the islands.
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Supplementary Figure 8. Pearson correlation between SST (degrees) and explanatory
variables. Latitude and longitude are expressed in decimal degrees, and exposure to warm
(dwarm) and cool currents (dcool) in kilometres.


