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Highlights: 

 High-resolution paleoclimate and paleoecological reconstruction from Flores Island 

 Multi-proxy records distinguish human impacts from climate change 

 Early human settlers lowered the resilience of lake ecosystems on remote islands 
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Abstract 1 
 Human land use and climate change threaten ecosystems and natural resources, 2 

particularly on remote islands such as the Azores Archipelago in the North Atlantic. Since the 3 

official Portuguese settlement of the archipelago in the 15th and 16th centuries humans have 4 

extensively modified the Azorean landscape, with invasive plants dominating the present-day 5 

vegetation and evidence of eutrophication in numerous lakes. To evaluate changes in terrestrial 6 

and aquatic ecosystems in the Azores, we developed paleoecological and paleoclimate records 7 

from Lake Funda on Flores Island that span the last millennium. Changes in precipitation 8 

amount, as recorded by hydrogen isotopes from C30 fatty acids (δDwax), suggest that the climate 9 

was relatively stable between c. 1000-1400 CE. Recent evidence of early human settlers on the 10 

Azorean islands (c. 850-1300 CE) suggests that the introduction of livestock led to an increase in 11 

primary productivity in Lake Funda and other lakes in the Azores. More depleted δDwax values 12 

between c. 1500-1620 CE suggest that wetter climate conditions existed during the establishment 13 

of permanent settlements on Flores Island. Landscape changes between c. 1500-1600 CE 14 

coincided with an increase in primary productivity and hypoxic conditions in the lake bottom 15 

water, signifying the eutrophication of Lake Funda. Despite reforestation efforts in the Azores in 16 

the early 20th century and shift towards drier conditions, eutrophication in Lake Funda persisted. 17 

Reforestation efforts likely reduced nutrient leaching and soil erosion in the catchment area of 18 

Lake Funda and other Azorean lakes, yet eutrophication continues to be widespread. This 19 

highlights the lasting impacts of early human settlers on Lake Funda, and the need for more 20 

active remediation efforts. 21 

 22 

 23 

 24 
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1. Introduction 32 

 Rising sea levels, changing precipitation patterns, and warmer temperatures threaten 33 

island ecosystems that are already under pressure from anthropogenic land use changes (Frias, 34 

2000; Santos et al., 2004; Hoegh-Guldberg et al., 2018). Portuguese settlers shaped the landscape 35 

of the Azores Archipelago by replacing dense native laurel forests with exotic plants and 36 

agricultural fields, which led to increased soil erosion and left only a few places with native flora 37 

and fauna (Dias et al., 2005; Connor et al., 2012; Rull et al., 2017; Raposeiro et al., 2021b). 38 

Today the islands are at risk from landslides (Marques et al., 2008), storms and floods (Andrade 39 

et al., 2008), and coastal erosion (Calado et al., 2011), and this risk is expected to increase under 40 

projected climate change scenarios (Frias, 2000; Santos et al., 2004; Hoegh-Guldberg et al., 41 

2018; Gordo et al., 2019). Although the broad outlines of this history are generally accepted, a 42 

more in-depth assessment of past land use changes and climate variability is needed to 43 

understand the current state and vulnerability of terrestrial and aquatic ecosystems in the Azores 44 

and how past changes in climate influenced human settlement of the islands. 45 

 The historically-accepted timing of the settlement of the Azores is close to the onset of 46 

the Little Ice Age (LIA, c. 1450-1850 CE), although it is unclear whether this occurred during a 47 

wetter or drier climate interval in the subtropical North Atlantic region (Björck et al., 2006; 48 

Hernández et al., 2017). Historical records from the 15th century describe the slow establishment 49 

and abandonment of early settlements in the central and westernmost islands of the Azores 50 

Archipelago due to the isolated location of these islands, infertile land, and/or harsh climate 51 

conditions (Smith, 2010). Paleorecords, however, suggest the Azores Archipelago was already 52 

inhabited c. 700 years (between c. 700-850 CE) before the arrival of the Portuguese in the 15th 53 

century (Raposeiro et al., 2021b). It is unclear whether these settlements persisted until the 15th 54 
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century, or if they were abandoned before the arrival of the Portuguese. A high-resolution 55 

reconstruction of precipitation changes in the Azores and a complementary record of human land 56 

use changes could provide insights on how climate change over the last millennium influenced 57 

the settlement of the Azores Archipelago, in particular the settlement of Flores Island. 58 

The ongoing eutrophication in Azorean lakes is attributed to human activities, including 59 

indirect effects such as nutrient loading from the catchment area and direct effects such as fish 60 

introductions (Skov et al., 2010; Antunes & Rodrigues, 2011; Cruz et al., 2015; Raposeiro et al., 61 

2017; Vázquez-Loureiro et al., 2019). However, these effects do not explain the high rates of 62 

eutrophication observed in lakes isolated from direct human impacts (Antunes & Rodrigues, 63 

2011). For instance, Lake Funda on Flores Island is considered to be less impacted by human 64 

activities relative to the rest of the Azores Archipelago (Connor et al., 2012), but in the present-65 

day it is considered eutrophic based on high turbidity measurements, as well as nutrient 66 

concentrations (i.e., phosphorous) and chlorophyll-α levels (Fig. S1; Cordeiro et al., 2020). It is 67 

unclear whether this eutrophication is natural, reflects human modifications in the past, or both. 68 

Rising temperatures, changing precipitation patterns, and continued human activities all pose 69 

potential risks to these freshwater ecosystems, and threaten their value as a natural resource for 70 

the archipelago (Antunes & Rodrigues, 2011). 71 

 To understand the role of humans and natural climate variability in shaping the present-72 

day landscape, we developed paleoecological and paleoclimate records for Lake Funda on Flores 73 

Island. Fecal biomarkers and shifts in vegetation composition indicate when human activities 74 

began in the catchment area. In addition, bulk organic and inorganic geochemical proxies, sterol 75 

hydrogenation, and archaeal lipids trace changes in organic matter inputs to the lake, redox 76 

conditions, and biogeochemical cycles, respectively. Finally, a high-resolution reconstruction 77 
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using leaf wax hydrogen isotopes records changes in precipitation amount over the last 78 

millennium. We investigate the relationships among these variables to determine the interactive 79 

effects of climate variations and human activities on Azorean environmental systems. 80 

 81 

2. Methods 82 

2.1 Study site 83 

The climate in the Azores is strongly influenced by the Azores anticyclone, leading to 84 

increased precipitation from September to March (monthly average precipitation 112 mm) when 85 

the storm tracks cross the islands and drier conditions during the late spring and summer months 86 

(monthly average precipitation 59 mm) (Santos et al., 2004; Hernández et al. 2016; Global 87 

Historical Climatology Network (GHCN)). Maritime conditions result in mild temperatures with 88 

mean annual temperatures of 18°C on Flores Island (GHCN).  89 

Lake Funda occupies a maar with a 0.37 km2 surface area, a steep bathymetric gradient, 90 

and maximum depth of 35.3 m. The lake is located 351 m a.s.l. at 3924’N 3113’W (Figure 1). 91 

Figure 1. The islands that make up Macaronesia are shown with a close-up of the Azores Archipelago. Lake 
Funda is located on Flores Island. The bathymetry of Lake Funda is shown and the location of the core analyzed 
in this study is marked by a red star. The white line outlines the catchment area of Lake Funda. Raster data was 
obtained from Natural Earth and the maps were rendered in Matlab and ArcGIS. 



8 

It is located in the interior of Flores Island in the Azores Archipelago and is surrounded by a 92 

relatively large (3.14 km2) and steep catchment area that is mostly forested with some agriculture 93 

(Andrade et al., 2019). The lake is monomictic as the lake thermally stratifies from the summer 94 

to fall (usually May/June to November) and the water column mixes from November/December 95 

to May/June. The lake is considered eutrophic and is usually phosphorus limited (Figure S1). 96 

Heightened primary productivity during the spring/summer can lead to rapid oxygen depletion in 97 

the water column and hypoxic conditions in the bottom water that leads to internal phosphorus 98 

loading (Figure S2).  99 

 100 

2.3 Sample preparation and analysis 101 

We used a UWITEC® piston corer installed on a UWITEC® platform to retrieve sediment 102 

cores from Lake Funda in June 2017 at a water depth of 28.2 m. A total of 9.95 m of sediment 103 

were recovered, sealed, and shipped to the Geosciences Barcelona (GEO3BCN-CSIC), where 104 

they were kept in a dark room at +4 ºC until they were prepared for analysis. In June 2018, we 105 

collected soil samples to differentiate lipids derived from the catchment area from those 106 

produced within the lake water column. Soil samples were shipped to the NIOZ Royal 107 

Netherlands Institute for Sea Research and were stored at +4 ºC in a dark room until the samples 108 

were processed and analyzed for lipids. 109 

Cores were split longitudinally and imaged using the high-resolution line scan camera 110 

installed on the XRF AVAATECH Core Scanner at the Universitat de Barcelona (UB). Samples 111 

were measured for total carbon (TC) and total nitrogen (TN) and the respective isotopic values 112 

(δ13C and δ15N) as described in Raposeiro et al. (2021b). Briefly, samples were analyzed using a 113 

ThermoFinnigan Flash- EA1112 elemental analyzer (Thermo Fisher Scientific, Waltham, MA, 114 
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USA), connected on line to a ThermoFinningan Deltaplus isotope ratio mass spectrometer 115 

(IRMS), at the Servizos de Apoio á Investigación of the Universidade da Coruña (SAI-UDC). 116 

Mineralogical analyses were performed with a Bruker D8-A25 diffractometer equipped with a 117 

Cu tube (lambda=1.5405 Å) and an ultrafast position sensitive detector (PSD) at the Geo3BCN-118 

CSIC. The carbonate content of these samples was below the detection limit of the X-ray 119 

diffractometer, and therefore TC was considered to be equivalent to total organic carbon (TOC). 120 

TOC/TN (or C/N) molar ratios were calculated for all measured samples. X-Ray Fluorescence 121 

(XRF) was measured on the archived half of the core with the AVAATECH XRF II core scanner 122 

at 2 mm intervals. Biogenic silica (BSi) content was determined every 4 cm following Bernárdez 123 

et al. (2005) and Mortlock and Froelich (1989), using an Auto Analyzer Technicon AAII at the 124 

Marine Research Institute (CSIC) in Vigo. 125 

The cores were sampled for lipid analyses, which were processed and analyzed at Brown 126 

University and NIOZ. Sediment and soil samples were freeze-dried and lipids were extracted 127 

using a DionexTM accelerated solvent extraction (ASE 350) system with 128 

dicholoromethane:methanol (DCM:MeOH, 9:1 v/v) at 120C and 1200 psi. The resulting 129 

extracts were split, with one aliquot processed for glycerol dialkyl glycerol tetraethers (GDGTs) 130 

and n-alkanes and the other prepared for fatty acid and sterol and stanol analyses.  131 

The aliquot for GDGT samples was separated using aluminum oxide (Al2O3) columns to 132 

obtain a non-polar (hexane (Hex):DCM, 9:1 v/v) fraction containing n-alkanes and a polar 133 

(DCM:MeOH, 1:1 v/v) fraction for GDGTs. The resulting polar fraction was dried using N2 gas, 134 

and re-dissolved in Hex:Isopropanol (99:1, v/v) and filtered through a 0.4µm PTFE prior to 135 

analysis.  136 
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The acid/polar fraction was separated into neutral (DCM:Isopropanol, 2:1, v/v) and acid 137 

(ethyl ether:acetic acid, 24:1, v/v ) fractions using an aminopropylsilyl (NH2) column. The acid 138 

fraction was methylated at 60°C for 2 hrs with acidified anhydrous methanol of a known isotopic 139 

composition, and the resulting fatty acid methyl ethers (FAMEs) were purified via silica gel (40-140 

63 µm, 60 Å) flash chromatography. The neutral fraction was further separated by silica gel flash 141 

chromatography into alkane (Hex), ketone (DCM), and polar (MeOH) fractions. The polar 142 

fraction was saponified by dissolving the sample in a 1 M potassium hydroxide solution with 143 

MeOH:H2O (95:5, v/v) and heating it for 3 hrs at 65°C. To this 5% NaCl in H2O and 50% 144 

HCl in H2O was added, and the lipid fraction was extracted using Hex (100%). The 145 

saponified samples were cleaned on a short silica gel column and dried using N2 gas for 146 

derivatization. Pyridine (50 µL) and N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA, 50 147 

µL) were added to the dried sample, and the sample was capped under N2 gas and heated for 148 

2 hrs at 60°C. The derivatized samples were stored in pyridine until analysis, during which 149 

they were dried and re-dissolved in toluene. 150 

Samples for GDGTs were analyzed at NIOZ using an Atmospheric Pressure Chemical 151 

Ionization/High Performance Liquid Chromatography-Mass Spectrometer (APCI/HPLC-MS) 152 

following the method described in Hopmans et al. (2016). An additional 19 samples and 153 

replicates were analyzed at Brown University using an APCI/HPLC-MS using the method 154 

described in Hopmans et al. (2016). All GDGT results are reported as fractional abundances in 155 

this study and concentrations are included for the available samples in the full dataset. The 156 

analyses were run using selective ion monitoring to track m/z 1302, 1300, 1298, 1296, 1292, 157 

1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, 1018, and 744. This study focuses on 158 
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isoprenoidal GDGTs (isoGDGTs), but we also quantified and report on branched GDGTs 159 

(brGDGTs) in our dataset. 160 

All n-alkanes and fatty acids were quantified with an Agilent 6890N gas chromatography 161 

(GC) system and a flame ionization detector (FID) at Brown University. Samples were injected 162 

using pulsed splitless mode (20.3 psi, 310°C) onto a Rtx-200 column (105 m x 205 µm x 0.25 163 

µm). The oven program was started at 50°C, ramped up to 315°C at 10°C/min, and then held 164 

isothermally for 30 min. All n-alkanes were quantified by using hexamethylbenzene as an 165 

internal standard.  166 

Compound specific isotope ratios (δDwax) of C30 FAMES were measured on an Agilent 167 

6890 GC equipped with a ZB-1MS (30 m x 320 µm x 0.25 µm) coupled to a Thermo Delta V 168 

Plus Isotope Ratio Mass Spectrometer (IRMS) at Brown University. The GC method was run 169 

using a pulsed splitless injection mode (30 psi, 320°C), and the oven program was started at 170 

40°C for 1 min, and then ramped up to 230°C at 30°C/min where it was held for 1 min. The 171 

temperature was increased again to 310°C at 10°C/min and held isothermally for 10 min. The 172 

pyrolysis reactor temperature for the IRMS was set at 1450°C. The reference gas 2H/1H was 173 

measured using certified C29 and C31 n-alkane standards. The H3+ factor was determined every 174 

day, and the mean over the period that samples were measured was 2.41 ± 0.07. An internal 175 

standard mixture containing C16, C18, C22, C24, C28, and C30 n-acids (see Table S1 for analytical 176 

uncertainty) was analyzed between every 3 to 4 injections to monitor instrument performance 177 

and drift, and a certified C30 methyl ester standard of known composition was run to monitor 178 

instrument accuracy (lab measured: -186.4 ± 3.9 ‰ for n = 71, actual: -189.4 ± 2 ‰ for n = 5; 179 

Schimmelmann, 2018). Each sample was measured three times, and isotopic values were 180 

accepted for a voltage response between 2.5 and 7 volts. Isotopic measurements were corrected 181 
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for the added methyl group, where δDMeOH = −123.7 ‰ (Tierney et al., 2011). Corrections were 182 

made on a daily basis for offsets between measured and reported standard values. All δDwax 183 

values are reported relative to the Vienna Standard Mean Ocean Water (VSMOW) in per mil 184 

(‰) notation.  185 

Sterol and stanol samples were analyzed on an Agilent 7890B gas chromatography 186 

(GC) system equipped with an Agilent 5977B quadrupole mass spectrometer (MS) at Brown. 187 

Samples were injected using pulsed splitless mode (320°C, 1.3 psi) and run on a ZB-1MS (30 m 188 

x 320 µm x 0.25 µm) column. The oven program was started at 40°C for 1 min, and then ramped 189 

up to 255°C at 20°C/min and ramped to 315°C at 4°C/min and held isothermally for 10 min. The 190 

MS ionization energy was set to 70 eV with a scan range of m/z 50-650. Samples were quantified 191 

using select ion monitoring mode and concentrations were determined using 5α-cholestan-3-one 192 

as an internal standard (see Table S2).  193 

 194 

2.2 Age model 195 

We developed the age-depth model (Fig. S3) using 210Pb and 137Cs concentration profiles 196 

and 14C dates measured on plant macrofossils in the sediment core (Table S3) as described in 197 

Raposeiro et al. (2021b). All radiocarbon dates were calibrated to calendar years (cal yr CE) 198 

using the CALIB 7.1 software and the latest INTCAL20 curve (Reimer et al., 2020). In the lower 199 

half of the sedimentary sequence (S4), six layers corresponding to gravelly alluvial sediments, 200 

rich in terrestrial plant remains that were deposited as single, instantaneous episodic flood 201 

events, were removed from the age model. The final age model was developed using the R 202 

package clam version 2.3.9 (Blaauw, 2020). The confidence interval of the resulting age-depth 203 

model fluctuates between 1 and 50 years throughout the record. In the age-depth model there is a 204 
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significant increase in the sedimentation rate at 221 cm of core depth which coincides with a 205 

lithological change from massive-brown silty clays to centimeter-thick laminated green and 206 

yellowish clays. This lithological change was interpreted as deepening in the lake water column 207 

(Ritter et al., 2022).  208 

 209 

2.4 Data processing and breakpoint analysis 210 

Lipid and sediment fluxes were calculated using changes in dry bulk density and 211 

sedimentation rates in the sediment core. Potential changes in preservation conditions were 212 

assessed by normalizing lipid concentrations to total organic carbon. To determine when 213 

significant changes occurred in the sediment record, all datasets were re-sampled first to a 20-yr 214 

resolution (except for the sterol and stanol samples) and to a 60-yr resolution to include the sterol 215 

and stanol samples. Breakpoint analysis was conducted on the slopes of the re-sampled datasets 216 

using the “segmented” package in R version 3.3.3 (R Development Team; Muggeo, 2008). 217 

The breakpoints that were common to both re-sampled datasets are reported. The 95% 218 

confidence intervals were determined by calculating the pooled uncertainty from the breakpoint 219 

analysis and age model. 220 

 221 

2.5 Leaf waxes as a proxy for vegetation change  222 

Shifts in vegetation were assessed by measuring changes in the n-alkane distribution. 223 

Higher-level plants produce longer-chain n-alkanes (e.g., C25-C33), and can be used to further 224 

differentiate grasses and shrubs, which typically produce higher concentrations of C31 n-alkanes, 225 

from woody plants (C27 and C29) based on differences in the average chain length (Cranwell, 226 
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1973; Maffei, 1996). Therefore, shifts in the average chain length (ACL) are often used to 227 

reconstruct changes in vegetation as follows:  228 

 229 

ACL27-33= ∑
Ci×[Ci]

[Ci]
          [2] 230 

 231 

where [Ci] represents the concentration of n-alkanes and Ci corresponds to the hydrocarbon 232 

chain-length.  233 

 234 

2.6 Sterols and stanols as fecal biomarkers and indicators of lake water column redox conditions 235 

 Sterols and stanols are structurally diverse and relatively stable compounds in the 236 

geologic record, making them useful tracers of inputs and microbial activity in the sediment (e.g. 237 

Nishimura & Koyama, 1977; Volkman, 1986; Leeming et al., 1996). For instance, C29-sterols are 238 

mainly produced by terrestrial plants and certain species of phytoplankton, whereas C27-sterols 239 

are derived from cholesterol and are therefore predominantly aquatic in origin (Nishimura & 240 

Koyama, 1977; Huang & Meinschein, 1976, 1979; Volkman, 1986). 5α(H)-stanols, however, are 241 

present in low abundance in living organisms and are mainly derived from the microbial 242 

reduction of ∆5-sterols in the sediment (Gaskell & Eglinton, 1975; Nishimura & Koyama, 1977; 243 

Rieley et al., 1991). The conversion of ∆5-sterols to 5α(H)-stanols is dependent on both the 244 

contribution of autochthonous and allochthonous organic matter to the sediment and the redox 245 

potential (Nishimura, 1977). The ratio of 5α(H)-stanols/∆5-sterols can thus be used to track 246 

changes in inputs and the redox potential, and is calculated as follows: 247 

 248 
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5α(H)-stanols

∆5-sterols
=

cholestanol + campestanol + stigmastanol + sitostanol

cholesterol + campesterol + stigmasterol + β-sitosterol
     [3] 249 

 250 

An increase in 5α(H)-stanols/∆5-sterols indicates more reducing conditions in the sediment, and 251 

also highlights the preferential degradation of ∆5-sterols relative to 5α(H)-stanols in the sediment 252 

(Gaskell & Eglinton, 1975; Nishimura, 1977; Nishimura & Koyama, 1977).  253 

Certain 5β-stanols are produced in high abundance in the gastrointestinal tract of higher 254 

mammals, making them biomarkers for fecal inputs from these organisms (Leeming et al., 1996). 255 

For instance, carnivores and omnivores, particularly humans, consume large quantities of 256 

cholesterol that gets microbially reduced to coprostanol (5β-cholestan-3β-ol) and epi-coprostanol 257 

(5β-cholestan-3𝛼-ol) by their gut microbiome (Leeming et al. 1996). Ruminants, on the other 258 

hand, reduce a high proportion of plant sterols, e.g. sitosterol and stigmasterol, to 24-259 

ethylcoprostanol and 5β-stigmastanol, respectively (Leeming et al., 1996; Bull et al., 2002). A 260 

high abundance of coprostanol, epi-coprostanol, 24-ethylcoprostanol, or 5β-stigmastanol relative 261 

to background conditions, could indicate that humans and/or livestock were present in the 262 

catchment area of a lake.  263 

 264 

2.7 Isoprenoidal glycerol dialkyl glycerol tetraethers (isoGDGTs) in lakes 265 

Isoprenoidal glycerol dialkyl glycerol tetraethers (isoGDGTs) are traditionally used as 266 

proxies for sea surface temperatures but are also used in lake studies as indicators for specific 267 

archaea (e.g. Sinninghe Damsté et al., 2009; Schouten et al., 2013). In particular, changes in lake 268 

trophic state and dissolved oxygen content can drive shifts in archaeal communities that produce 269 

isoGDGTs, making them useful tracers for paleo-ecological studies (e.g. Blaga et al., 2009; 270 

Naeher et al., 2014).  271 
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Crenarchaeol (Cren) and its regioisomer, Crenarchaeol' (Cren') are specific to 272 

Thaumarchaeota, or ammonia-oxidizers, in particular groups I.1a and I.1b (Sinninghe Damsté et 273 

al., 2002, 2012; Pearson et al., 2004; Schouten et al., 2008; Pitcher et al., 2010, 2011). Group 274 

I.1a is found in high abundance near the thermocline and nitrocline in lakes, and is associated 275 

with the production of Cren and minor amounts of GDGT-0 and Cren' (Sinninghe Damsté et al., 276 

2002; Auguet et al., 2011, 2012; Pitcher et al., 2011; Buckles et al., 2013). Cren' is produced in 277 

higher abundance by Thaumarchaeota group I.1b both in soils and in the water column (Pitcher 278 

et al., 2010; Sinninghe Damsté et al., 2012; Buckles et al., 2013; Kumar et al., 2019).   279 

Identifying different producers of GDGT-0 is more complex, as GDGT-0 can be 280 

produced by methanogenic Euryarchaeota (Pancost et al., 2000), anaerobic methane-oxidizing 281 

Archaea (Pancost et al., 2001; Wakeham et al., 2003), heterotrophic uncultured crenarchaeotal 282 

groups (Buckles et al., 2013), and even Thaumarchaeota in low abundance (Sinninghe Damsté et 283 

al., 2002, 2012; Pitcher et al., 2011). Anaerobic methane-oxidizing archaea can be distinguished 284 

by a concurrent increase in the fractional abundance of GDGTs-0, -1, and -2 (Pancost et al 2001; 285 

Wakeham et al, 2003), whereas methanogenic Euryarchaeota are dominated by GDGT-0 and 286 

only minor amounts of GDGT-1 and -2, and no crenarchaeol (Pancost et al., 2000; Blaga et al., 287 

2009; Naeher et al., 2014). 288 

 289 

3. Results 290 

3.1 Lacustrine sedimentary units 291 

 Prior to c. 1000 CE the core is composed of light brown silty mud that is interspersed 292 

with numerous erosive layers of poorly sorted pebbles and sand arranged in fining-upward grain-293 

size sequences that are most likely associated with mass-wasting events (Unit 1, Figure S4). 294 
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Between c. 1000-1450 CE the core consists of mud interbedded with six thin layers of sand and 295 

one layer of gravel-sized clasts c. 1200 CE (Unit 2). The uppermost section of the core is 296 

characterized by laminated sediments between c. 1450-2000 CE (Unit 3). The laminations 297 

consist of darker lamina composed of silt and clay and lighter layers rich in diatoms. At the very 298 

top of the core (c. 2000-2015 CE), there is a shift back to massive brown-black mud (Unit 4).  299 

 300 

3.2 Hydroclimate variability in the Azores 301 

The distribution of FAMEs in the Lake Funda record is dominated by C26 (850-1580 CE) 302 

and C28 (1581-1940 CE; Figure S5). A high fractional abundance of C28 FAMEs was previously 303 

reported in a permanently stratified lake in Eastern Africa, and was attributed to the combined 304 

input from terrestrial plant material and in situ production (van Bree et al., 2018). C30 FAMEs, 305 

however, are predominantly sourced from terrestrial plants and were therefore targeted for 306 

compound-specific hydrogen isotope measurements in this study.  307 

In the δDwax record of C30 FAMES the variance is low (σ2 = 6 ‰) between c. 1000-1400 308 

CE (Figure 2). Breakpoints at 1462 ± 14 CE and 1514 ± 13 CE correspond to a change from 309 

more enriched to depleted values in δDwax (Table 1). After c. 1400 CE, the variance in the δDwax 310 

values increases (σ2 = 16 ‰) with periods when δDwax is depleted c. 1500-1620 and 1660-1860 311 

CE and a period of enriched δDwax values occurring c. 1880-1980 CE. A sharp depletion from c. 312 

1980-1995 CE is followed by enriched δDwax values after c. 2000 and a return to more depleted 313 

values c. 2010 CE. 314 
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  315 

Figure 2. (a) Changes in hydroclimate are noted by shifts in FAMES C30 δDwax, where more depleted isotopes 
correspond to wetter conditions and enriched isotopes correspond to drier conditions (the dashed red line 
corresponds to the mean of the dataset). Intervals where the climate was wetter or drier are denoted by blue and 
brown bars, respectively. Major changes in vegetation composition are noted by shifts in (b) ACL27-33 and are 
compared with results arboreal (green) and shrub and herb (blue) pollen data (Raposeiro et al., 2021a; Ritter et 
al., 2022). Fecal biomarkers, including (c) coprophilous fungal spores (green) and 5β-stigmastanol (black) and 
(d) coprostanol and epi-coprostanol (Raposeiro et al., 2021a; Ritter et al., 2022), are used to determine when 
livestock and humans were present in the catchment area. The first gray bar marks the first signs of human 
activities in the 16th century, and the second gray bar indicates when reforestation efforts started c. 1950 CE. 
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3.3 Changes in sediment composition and geochemistry 316 

Before c. 1300 CE, C/N values are about 18 but then decrease between 1319 ± 36 CE 317 

and 1602 ± 16 CE to about 10 (Figure 3 & Table 1). Biogenic silica (BSi) increases after 1314 ± 318 

33 CE and plateaus after 1372 ± 47 CE. This change coincides with an abrupt decrease in δ15N 319 

at 1343 ± 37 CE and a further decrease between 1492 ± 11 CE and 1671 ± 8 CE (Figure 3). 320 

There is also a gradual decrease in δ13C values after 1570 ± 14 CE (Figure 4).  321 

 322 

3.4 Changes in the lake catchment and lake redox conditions  323 

To infer specific changes in the lake catchment, ACL27-33 is used to track changes in the 324 

vegetation composition and sterols and stanols are used as proxies for the local presence of 325 

livestock and humans and as an indicator of changing redox conditions in the lake sediment. 326 

Breakpoints for ACL27-33 at 1386 ± 39 CE and 1582 ± 12 CE mark a shift towards a decreasing 327 

trend in ACL27-33 (Figure 2 & Table 1). Unfortunately, we do not have access to native and 328 

endemic plants from the Azores to determine the n-alkane signatures, so we interpret the 329 

decrease in n-alkane distribution to reflect a decrease in native gymnosperms based on surveys of 330 

alkane distributions in global vegetation (Diefendorf et al., 2011). This interpretation is 331 

consistent with palynological data indicating a decrease in Juniperus brevifolia (Seub.) Antoine 332 

and Picconia azorica (Tutin) Knobl and a gradual increase of native grasses (Poaceae) and 333 

shrubs (e.g. Erica azorica Hochst. ex Seub and Myrsine) in the pollen record (Connor et al., 334 

2012; Raposeiro et al., 2021a, b). The flux of sterols and stanols increases between c.1200-1500 335 

CE, except for coprostanol, epi-coprostanol, and 5β-stigmastanol (Figure S6). 5β-stigmastanol 336 

first occurs c. 1500 CE, but does not become frequent in the sediment record until after c. 1620 337 

CE (Figure 2). There is one occurrence of coprostanol c. 1620 CE, however, coprostanol and epi-338 
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coprostanol do not become abundant in the sediment record until after c. 1900 CE. An increase 339 

in sterols and stanols relative to TOC occurs after c. 1400 CE (Figure S7). This coincides with an 340 

increase in 5α(H)-stanols/∆5-sterols after 1481 ± 20 CE and a continued increase in this ratio 341 

until the present (Figure 4). ACL27-33 values increase again after 1943 ± 9 CE. 342 

 343 

Table 1. Segmented breakpoint analysis for the proxy records discussed in this study with the pooled uncertainty 344 
shown. The direction of change indicates whether the proxy value increased (+), decreased (-), or did not change (no 345 
change). 346 
  347 

 Proxy Segmented Breakpoint Analysis Direction of 
Change Year (CE) 95% CI (±) 

Climate δDwax C30 FAMES (‰) 1462 14 - (depleted) 

  1514 13 + (enriched) 

Catchment area ACL27-33 1386 39 - 

  1582 12 No change 

  1943 9 + 

Organic matter 

sources & lake 

biogeochemical 

cycles 

 

C/N 1319 36 - 

 1602 16 No change 

BSi (%) 1314 33 + 

 1372 47 + 

δ15N (‰) 1343 37 - 

 1388 36 +/No change 

 1492 11 - 

 1671 8 No change 

Cren'/Cren 1352 39 - 

  1421 13 + 

  1868 12 - 

 GDGT-0/Cren 1544 15 + 

  1634 15 + 

 δ13C (‰) 1570 14 - (depleted) 

Redox conditions 5α(H)-stanols/sterols 1481 20 + 

 348 
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 349 
Figure 3. Changes in organic matter inputs to the lake are noted by shifts in (a) C/N and are compared with (b) 350 
changes in diatom productivity, BSi (%). Further changes in the lake are noted by (c) δ15N and (d) Cren'/Cren 351 
corresponds to changes in the Thaumarchaeota community. (e) Distinct changes in the sediment core are noted by 352 
the different lithological units. The first gray bar indicates coincident changes in the sediment record. The second 353 
gray bar corresponds to the historical settlement of Flores Island in the 16th century and the final gray bar 354 
corresponds to recent reforestation efforts (c. 1950 CE to the present). 355 
 356 

3.3 isoGDGTs as tracers of biogeochemical cycles in the lake water column  357 

In Lake Funda, the composition of isoGDGTs identified in the sediment are distinctly 358 

different from the isoGDGT composition of the soils in the catchment, indicating that most of the 359 

isoGDGTs in the sediment are produced in the water column (Figure S8). Throughout the 360 
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sediment record GDGT-0 is present in higher abundance relative to other isoGDGTs, and Cren 361 

and Cren' are both present throughout the record. Two distinct breakpoints occur in the isoGDGT 362 

composition: a decrease in Cren'/Cren between 1352 ± 39 CE and 1421 ± 13 CE and an 363 

increase in GDGT-0/Cren about 1544 ± 15 CE (Figure 3 & 4). The later increase in GDGT-0 364 

relative to Cren also coincides with a decrease in GDGTs-1 and -2 (Figure S8).  365 

  366 

Figure 4.  Redox conditions in the lake bottom water are noted by changes in (a) 5α(H)-stanols/∆5-sterols. 
Similarly, (b) GDGT-0/Cren reflects changes in lake bottom water processes and changes in (c) δ13C are shown 
for comparison. The gray bars correspond to when human activities were first detected in the catchment area in 
the 16th century and the reforestation efforts that began c. 1950 CE. 
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4. Discussion 367 

4.1 Controls on leaf wax hydrogen isotopes in the Azores 368 

The hydrogen isotope composition of leaf waxes (δDwax) in higher terrestrial plants (i.e. 369 

C28-C32 n-acids) is correlated with changes in δD of precipitation (δDprecip; Sachse et al., 2012). 370 

The variability in δDprecip reflects a combination of processes, including precipitation amount, 371 

water source, transport history, and Rayleigh-type processes related to evaporation and 372 

condensation (Craig, 1961; Dansgaard, 1964; Sachse et al., 2012). In the Azores changes in 373 

precipitation amount, and also δDprecip, are dominated by shifts in the high-pressure Azores 374 

anticyclone, resulting in both intra- and interannual variability associated with the North Atlantic 375 

Oscillation (NAO; Hurrell, 1995; Santos et al., 2004; Cropper & Hanna, 2014; Hernández et al., 376 

2016). In the Azores, mean monthly event-based δDprecip from 1963-2014 is negatively correlated 377 

with precipitation amount during the drier spring (MAM, r = -0.72, p<0.01) and summer (JJA, r 378 

= -0.49, p<0.05) months and wetter fall (SON, r = -0.41, p<0.05) season (Table 2; Global 379 

Network of Isotopes in Precipitation (GNIP); Rubio de Inglés, 2016). The majority of vapor 380 

mass originates from the tropical and sub-tropical regions of the Atlantic (including the Gulf of 381 

Mexico), however, the vapor mass that reaches the Azores Archipelago receives additional vapor 382 

inputs over the North Atlantic Ocean such that the isotopic variability associated with source 383 

changes does not have a major impact on δDprecip (Araguás‐Araguás et al., 2000; Gimeno et al., 384 

2010; Rubio de Inglés, 2016). In addition, a temperate oceanic climate leads to small variations 385 

in air temperature on Flores, with average temperatures ranging from 15C during the winter 386 

months (DJF) to 23C during the summer (JJA), and has a minimal influence on δDprecip 387 

(Dansgaard, 1964; Baldini et al., 2008; Rubio de Inglés, 2016; Global Historical Climatology 388 
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Network (GHCN)). Therefore, we infer that the δDwax of higher terrestrial plants is primarily 389 

influenced by changes in precipitation amount. 390 

 391 
Table 2. Spearman rank correlation coefficients comparing mean monthly air temperature and precipitation amounts 392 
with event-based δDprecip. The instrumental data is obtained from Ponta Delgada (1963-2014; Hernández et al., 2016; 393 
Global Network of Isotopes in Precipitation (GNIP)).  394 
 395 

 
Air Temperature 

vs. δDprecip 
Precipitation 

amount vs. δDprecip 
 r p r p 

Winter (DJF) -0.09 0.63 -0.35 0.07 
Spring (MAM) 0.30 0.14 -0.72 <0.01 
Summer (JJA) -0.07 0.74 -0.49 <0.05 

Fall (SON) 0.13 0.51 -0.41 <0.05 
 396 

 397 

4.2 Impacts of early human activities on Lake Funda (c. 1000-1400 CE) 398 

The Portuguese are thought to have discovered and settled the Azores in the 15th century 399 

(Crosby, 2004). However, the Canary Islands, and possibly the Azores and Madeira, were 400 

already known to the Romans (c. 500 BCE) and Isidor de Sevilla (c. 600 CE), and in the 14th 401 

century the Azores Archipelago was included on maps and in atlases (Schäfer, 2003; Crosby, 402 

2004; see Raposeiro et al., 2021b). Paleoecological records from two Azorean islands (Corvo 403 

and Pico), show an almost simultaneous increase of fire-related proxies (e.g. charcoal particles 404 

and polycyclic aromatic hydrocarbons) and fecal biomarkers (e.g. 5β-stigmastanol and 405 

coprophilous fungal spores) suggesting that humans first arrived in the archipelago between c. 406 

700-850 CE (Raposeiro et al., 2021b). Thus, it is likely that, at the very least, limited or 407 

temporary settlements existed well before the 15th century. 408 

Between c. 1000-1500 CE there are very few changes in the ACL27-33 record, and pollen 409 

data indicates that dense laurel forests dominated the catchment of Lake Funda (Connor et al., 410 

2012; Raposeiro et al., 2021b). In addition, the δDwax record from Lake Funda is characterized by 411 
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low variability and relative D-enrichment between c. 1000-1400 CE, suggesting that the climate 412 

was relatively dry and stable (Figure 2). This coincides with overall drier conditions in Morocco 413 

(c. 1000-1400 CE; Esper et al., 2007; Wassenburg et al., 2013; Ait Brahim et al., 2017) and the 414 

Iberian Peninsula (c. 900-1300 CE; Sánchez-López et al., 2016). Similarly, results from the 415 

Community Earth System Model (CESM-CAM5_CN) Last Millennium Ensemble transient 416 

simulation suggest that early settlers encountered overall drier and warmer climate conditions 417 

between c. 800 CE and the onset of the Little Ice Age (c. 1350-1450 CE; Raposeiro et al., 418 

2021b).  419 

A decrease in C/N values and an increase in BSi after c. 1300-28
+32 CE corresponds to a 420 

transition from terrestrially dominated to aquatically sourced organic matter inputs and 421 

heightened productivity (Figure 3; Raposeiro et al., 2021b). A decrease in Cren'/Cren (Figure 4) 422 

could also be a result of heightened primary productivity as ammonium concentrations increase 423 

in the water column from the decomposition of particulate organic matter (Blaga et al., 2011; 424 

Auguet et al., 2011, 2012; Kumar et al., 2019). This could promote increased ammonia oxidation 425 

by Thaumarchaeota Group I.1a at the oxycline/thermocline and nitrocline, resulting in increased 426 

Cren production relative to Cren' (Sinnighe Damste et al., 2009; Auguet et al., 2011, 2012; Blaga 427 

et al., 2011; Kumar et al., 2019). The depletion in δ15N at c. 1350-34
+44 CE differs from the 428 

expected enrichment of δ15N that is usually associated with increased primary productivity and a 429 

decrease of terrestrial material (Hodell & Schelske, 1998; Brenner et al., 1999; Meyers et al., 430 

2003). The depletion in δ15N occurs shortly after the first appearance of coprophilous fungal 431 

spores (i.e., Sporormiella, Sordaria, and Podospora) c. 1350-34
+44 CE. We infer that the depletion 432 

in δ15N reflects an increase in N-fixation, which could result from the presence of livestock in the 433 

catchment area that led to an increase of phosphorous inputs to Lake Funda (Raposeiro et al., 434 
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2021b). Many lakes in the Azores, including Lake Funda, are phosphorus limited and increased 435 

phosphorus inputs to the lake from livestock could lead to increased N2-fixation by 436 

cyanobacteria, lower δ15N values, and promote eutrophication (Brenner et al., 1999; Meyers, 437 

2003; Cruz et al., 2015; Raposeiro et al., 2021b). 438 

The lack of 5β-stigmastanol in our record despite the increase in fungal spores at this 439 

time could reflect differences in the preservation, transport, or deposition of fungal spores 440 

relative to fecal stanols (Guillemont et al., 2017; Zocatelli et al., 2017). Fungal spores are local 441 

indicators of megaherbivores that can be transported via run-off or wind across 25-100 m (Gill et 442 

al., 2013; Perrotti & van Asperen, 2019), and further transported on and within the lake. The 443 

water-solubility of 5β-stanols is low and they are typically bond to clays and particulate organic 444 

matter, so their input to lake sediments is limited to run-off and riverine inflows (Walker et al., 445 

1982; Lloyd et al., 2012). In the case of Lake Funda, the steep catchment makes the lake difficult 446 

to access, so humans and/or livestock likely only sought out the lake during drier climate 447 

conditions, e.g. between c. 1300-1350 CE and c. 1370-1390 CE, and that the influx of 5β-stanols 448 

to the lake is likely reduced relative to fungal spores. For comparison, Lake Caldeirão is shallow 449 

lake on Corvo Island is located in a wide crater with gentle slopes, making the lake easily 450 

accessible to humans and livestock. In the present-day, livestock can be found at the edge of the 451 

lake year-round. A higher concentration of both fecal stanol and coprophilous fungal spores 452 

likely reach the lake sediment via run-off, which would explain the similar trends observed in the 453 

fecal stanol and coprophilous fungal spore records from c. 700-850 CE to the present (see 454 

Raposeiro et al., 2021b). In contrast, Lake Peixinho on Pico Island (870 m a.s.l) is more exposed 455 

to the elements and is located at a higher altitude than Lake Funda (351 m a.s.l.) and Caldeirão 456 

(410 m a.s.l.), such that fungal growth is likely limited by colder temperatures or the fecal 457 
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material is washed away before the fungus has enough time to germinate (Dickinson & 458 

Underhay, 1977; Wood & Wilmshurst, 2012; Perrotti & van Asperen, 2019). In this case, we 459 

might observe a higher influx of 5β-stanols relative to fungal spores, which might explain the 460 

early appearance of 5β-stanols (c. 700-850 CE) and the lack of fungal spores until c. 1100 CE in 461 

Lake Peixinho (see Raposeiro et al., 2021b). 462 

The increase in nutrient inputs to Lake Funda occurred during stable and drier conditions, 463 

as indicated by the low variance and enriched values of δDwax, on Flores Island and without 464 

changes in the catchment or noticeable changes in the sediment core. Although there are no 465 

significant changes in vegetation composition nor evidence of changes in soil erosion, the 466 

introduction of livestock could enhance nutrient cycling in the landscape and result in more open 467 

patches of vegetation leading to increased nutrient leaching from soils into the lake from the 468 

catchment (e.g. McNaughton et al., 1997). This is also observed in other islands of the Azores 469 

Archipelago as well as the Faroe Islands and Iceland, where the introduction of livestock resulted 470 

in increased nutrient loading and changes in lake trophic state before noticeable changes in soil 471 

erosion and vegetation composition occurred (Hannon et al., 2005; Lawson et al., 2007; 472 

Raposeiro et al., 2021b).  473 

If early settlements were present on Flores Island, then they were likely abandoned before 474 

the 15th century as there are no records of humans living on the island when the first Portuguese 475 

explorers and later Flemish and Portuguese settlers arrived in the mid-15th and early 16th century 476 

(Raposeiro et al., 2021b). However, the continued decrease in C/N values until c. 1500 CE 477 

suggests that Lake Funda was still adjusting to the initial disturbance. Thus, the initial increase in 478 

primary productivity in Lake Funda could be evidence of human impacts on the island prior to 479 
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the accepted settlement of Flores Island and likely made the lake ecosystem more susceptible to 480 

later disturbances in the lake catchment.  481 

 482 

4.2 Environmental impacts of human settlements on Flores Island (c. 1401-1900 CE) 483 

The start of organized Portuguese explorations along the western coast of Africa began in 484 

the late 14th to early 15th century (Meneses, 2009) during a drier (enriched δDwax values in the 485 

Funda record) climate interval on the Flores Island. Similarly, relatively low lake levels recorded 486 

on Pico Island and São Miguel suggest that the climate was overall drier in the Azores 487 

Archipelago during the 15th century (Björck et al., 2006; Hernández et al., 2017). After 1432 CE 488 

the Portuguese established settlements in Santa Maria and São Miguel, and eventually Flemish 489 

settlements were established on Flores Island in 1472 CE but were abandoned after a few years 490 

(Schäfer, 2003; Connor et al., 2012; Rull et al., 2017; Raposeiro et al., 2021b). More extensive 491 

settlement of Flores Island by the Portuguese began c. 1510 CE during a wetter climate interval 492 

recorded by more depleted δDwax values in the Lake Funda record (Lages, 2000; Schäfer, 2003; 493 

Connor et al., 2012). Lake-levels in waterbodies on São Miguel, however, continue to decrease 494 

after c. 1500 CE (Hernández et al., 2017) and more frequent negative phases in the NAO during 495 

the winter season suggest that drier conditions prevailed (Raposeiro et al., 2021b). In this 496 

context, the more depleted δDwax values, reflecting wetter conditions, observed in Lake Funda 497 

could be attributed to differences in precipitation seasonality. The δDwax record from Flores 498 

Island primarily reflects spring and summer precipitation during the period of leaf wax 499 

production (Tipple et al., 2012), when we observe the strongest correlation between δDprecip and 500 

rainfall amount (see Table 2). In contrast, changes in lake-level reflect mean annual changes in 501 
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precipitation and the NAO is primarily responsible for the variability in winter precipitation 502 

(Hernández et al.2016).  503 

Despite the relatively recent settlement of the islands, the present-day landscape has been 504 

completely altered and it is uncertain how vulnerable this has made the current island ecosystems 505 

to climate change (e.g. Antunes & Rodrigues, 2011; Connor et al., 2012; Cruz et al., 2015; Rull 506 

et al., 2017). The more frequent occurrence of 5β-stigmastanol after c. 1620 CE in the Lake 507 

Funda record likely reflects the widespread release of livestock on the islands to provide food for 508 

settlers (Figure 2; Schäfer, 2003; Smith, 2010). This was a common practice among the 509 

Portuguese as they settled Macaronesia, for instance, in Cabo Verde the timing of human 510 

settlement (c. 1450-1600 CE) coincides with an abrupt increase in non-obligate coprophilous 511 

fungi from livestock feces, followed by the gradual proliferation of newly introduced flora and 512 

increased erosion (c. 1600-1700 CE; Castilla-Beltrán et al., 2019). Most settlements on Flores 513 

were established in low coastal areas (Raposeiro et al., 2021b), which could explain the lack of 514 

coprostanol and epi-coprostanol in the lake sediments until the 20th century during a prolonged 515 

dry interval as indicated by more enriched δDwax values. On Flores Island, the introduction of 516 

livestock coincides with a decrease in ACL27-33 between c. 1500-1600 CE, as native vegetation 517 

(i.e., Juniperus brevifolia and Picconia azorica) was cleared to create a more open landscape for 518 

livestock (Connor et al., 2012; Raposeiro et al., 2021b). Similarly, in the Canary Islands, early 519 

European settlers cleared forests in the lowlands for agriculture and pastures for livestock (de 520 

Nascimento et al., 2009). The decrease in ACL27-33 that is associated with deforestation on Flores 521 

Island is in direct contrast to the increase in ACL25-31 that is observed on Iceland as Norse settlers 522 

cleared birch trees (Richter et al., 2021). Higher ACL27-33 values in Flores could be associated 523 

with increased production of longer chain n-alkanes by plant species in the family Juniperus 524 
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(C33-C35; Diefendorf et al., 2011), whereas birch trees (Betula pubescens and Betula nana) in 525 

Iceland predominantly produce shorter chain n-alkanes (C25-C27; Schwark et al, 2002; Balascio 526 

et al. 2018).  527 

 The effects of Portuguese activities on Lake Funda are apparent beginning about c. 528 

1500-11
+10 CE when laminations rich in diatoms are visible in the sediment record, suggesting that 529 

increased nutrient availability led to heightened primary productivity and a further decrease in 530 

δ15N (Figure 3). At this time, however, we also observe a shift to more reducing conditions in the 531 

sediment, i.e. an increase in 5α(H)-stanols/∆5-sterols, c. 1500-1550 CE from oxygen depletion in 532 

the water column (Figure 4; Gaskell & Eglinton 1975; Nishimura, 1977; Nishimura & Koyama, 533 

1977; Kalff, 2002). In addition, increases in GDGT-0/Cren and a decrease in GDGT-1 and -2 534 

suggest the production of isoGDGTs by methanogenic archaea in the bottom water of the lake 535 

(Figure S7; Pancost et al., 2000; Blaga et al., 2009; Naeher et al., 2014). This is supported by the 536 

gradual decrease in bulk δ13C values after c. 1570 CE as more depleted carbon is added to the 537 

epilimnion from increased methanogenesis (e.g. Hollander & Smith, 2001).  538 

Increased primary production and evidence of hypoxic conditions in the lake bottom 539 

water suggest that Lake Funda underwent a relatively rapid period of nutrient addition, loss of 540 

bottom-water oxygen, and thus eutrophication that occurred as land clearance became 541 

widespread in c. 1500 CE. In contrast, Lake Azul on São Miguel responded more gradually to 542 

human impacts in the catchment area with the lake remaining relatively pristine and oligotrophic 543 

until the introduction of exotic fish in the 1800s (Figure 5; Raposeiro et al., 2017). A rapid 544 

response in lacustrine ecosystems to human activities is observed during the settlement of 545 

Iceland and the Faroe Islands, but less so in Greenland (Hannon et al., 2005; Lawson et al., 2005, 546 

2007; Massa et al., 2012; Richter et al., 2021). Cultural eutrophication in Lake Funda after c. 547 
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1500 CE could reflect a loss of resilience as the lake ecosystem reached a tipping point from 548 

repeated disturbances in the catchment (i.e., human activities in c. 1300 CE and c. 1500 CE) 549 

and/or an intensification of human activities after c. 1500 CE (Ritter et al., 2022). Such a tipping 550 

point could be driven by increased nutrient availability that trigger positive feedbacks between 551 

eutrophication, bottom water oxygenation, and internal loading of P (Scheffer, 1998; Marsden, 552 

1989). We infer that historic and continued nutrient inputs from the landscape and potential 553 

internal phosphorous-loading due to hypolimnetic deoxygenation during the summer months led 554 

to an alternative stable state in Lake Funda (Scheffer et al., 2001). A similar loss of resilience 555 

from early human activities is observed in lakes in Canada, Greenland, and Switzerland, where 556 

even after the settlements were abandoned the lakes remained eutrophic or, if they did recover, 557 

were more susceptible to later disturbances (Douglas et al., 2004; Ekdahl et al., 2004; Hillbrand 558 

et al., 2014).  559 

 Despite a shift to more variable and wetter conditions between c. 1660-1860 CE, 560 

indicated by more depleted δDwax values, the vegetation composition (ACL27-33) stabilized 561 

between c. 1600-1950 CE in the catchment area of Funda (Figure 2). However, 5α(H)-562 

stanols/∆5-sterols and GDGT-0/Cren values continued to increase during this time period, which 563 

would suggest that eutrophic conditions in Lake Funda were sustained by hysteresis in the 564 

system. 565 
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 566 

Figure 5. A timeline highlighting major human activities on four different Azorean islands and ecological changes 567 
that occurred in four different lakes on these islands (figure based on data from Raposeiro et al., 2017, 2021b). 568 

 569 

4.3 Ecological changes in the Azores in the 20th and 21st centuries (c. 1901-2015 CE) 570 

The transition from the 19th to early 20th century was marked by major environmental and 571 

climatic changes in broader Macaronesia. In Flores, δDwax values remain enriched relative to the 572 

mean from c. 1880-1980 CE with a slight depletion from c. 1940-1970 CE followed by a sharper 573 

depletion between c. 1980-1995 CE, indicating an overall drier climate until c. 1940 CE 574 

followed by a gradual increase in precipitation that peaks c.1980-1995 CE. This is reflected by 575 

the gradual increase in precipitation between 1943-2012 recorded in instrumental data from 576 

Ponta Delgada, São Miguel (Hernández et al., 2016). However, we do observe a return to drier 577 

conditions near the beginning of the 21st century, which could reflect several anomalous years 578 

with drier conditions on both Flores Island and São Miguel from 1999-2000 CE and 2003-2005 579 

CE before a return to wetter conditions between 2006-2015 CE (Hernández et al., 2016; Global 580 

Historical Climatology Network (GHCN)). 581 
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 A sharp increase in ACL27-33 values c. 1950 CE in Lake Funda (Figure 2) marks the start 582 

of major reforestation efforts, as the local Forestry Service began to actively plant Cryptomeria 583 

japonica in the Azores (Rull et al., 2017; Borges et al., 2019). Similarly, in Cabo Verde exotic 584 

trees, such as Pinus and Acacia, were introduced in the early 20th century to help reduce land 585 

degradation (Castilla-Beltrán et al., 2019). The combination of a drier climate and more trees in 586 

the lake catchment area in the early 20th century should act to stabilize the soil, which in theory 587 

should lead to reduced erosion and external nutrient loading and therefore lower primary 588 

productivity and improve oxygenation in the water column. In Lake Funda the lack of changes in 589 

5α(H)-stanols/∆5-sterols and GDGT-0/Cren suggest that there was little change in the microbial 590 

community response to changes in erosion and nutrient loading (Figure 4). Limnological surveys 591 

over the last two decades confirm that eutrophication continues to be a problem for Lake Funda 592 

and hypoxic, and sometimes fully anoxic, conditions develop in the lake bottom water during the 593 

summer and fall months (Figure S1 & S2). Continued internal loading of phosphorus and other 594 

changes in the nitrogen and carbon cycle could promote the increase in microbially mediated 595 

hydrogenation of ∆5-sterols to 5α(H)-stanols and methanogenesis in the bottom water that we 596 

observe in Lake Funda (Gaskell & Eglinton 1975; Nishimura, 1977; Nishimura & Koyama, 597 

1977; Kalff, 2002). 598 

Eutrophication is a problem for numerous lakes in the Azores Archipelago, and as 599 

exemplified by this case study in Lake Funda and several other paleoecological studies in the 600 

Azores, these changes in trophic state can be attributed to past human land use changes and/or 601 

the introduction of fish (Figure 5; Skov et al., 2010; Antunes & Rodrigues, 2011; Cruz et al., 602 

2015; Raposeiro et al., 2017). Although external nutrient loads were reduced in Lake Furnas and 603 

Sete Cidades (Lake Azul and Lake Verde) on São Miguel, nitrate and phosphorus concentrations 604 
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in the lakes remain high from N2-fixation and internal P-loading during the summer months, 605 

respectively (Cruz et al., 2015). Lake Funda is faced with a similar scenario, where 606 

eutrophication is sustained from internal loading and suggests that more aggressive remediation 607 

strategies are needed for the lake ecosystem to recover (Schindler, 2006). In contrast to some of 608 

the lacustrine ecosystems in the high North Atlantic (e.g. Iceland, Faroe Islands, and Greenland), 609 

Lake Funda underwent what appears to be a permanent shift in trophic state in response to 610 

human activities in the landscape (Lawson et al., 2005, 2007; Massa et al., 2012; Richter et al., 611 

2021). Even though settlements were never established in the catchment of Lake Funda, early 612 

human activities likely made the lake more susceptible to later disturbances. Our study highlights 613 

the importance of understanding early human impacts and the natural state of lake ecosystems, as 614 

this can have a large influence on the current trophic state of lakes and the remediation strategies 615 

needed to tackle the problem. 616 

 617 

5. Conclusions  618 

 Prior c. 1400 CE, climate on Flores Island was characterized by overall drier and more 619 

stable conditions. During the 14th century, increases in primary productivity within Lake Funda 620 

indicate a response to heightened nutrient loading from the catchment in response to the earlier 621 

arrival of humans on Flores Island. The documented settlement of the Azores Archipelago during 622 

the 15th to 16th centuries occurred at the start of the LIA during a prolonged wet period in Flores 623 

Island. Increased precipitation most likely contributed to earlier abandonments of settlements on 624 

Flores Island between 1452-1510 CE before the establishment of permanent settlements after c. 625 

1510 CE (Lages et al., 2009). Increases in 5β-stigmastanol and a rapid decrease in ACL27-33 in 626 

the 16th century, point to the widespread introduction of cattle and clearance of native vegetation, 627 
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respectively, on Flores Island by the Portuguese. Increased nutrient inputs to Lake Funda 628 

resulted in a permanent shift in the lake trophic state as marked by a further increase in primary 629 

productivity and the onset of hypoxic conditions in the lake bottom water. Despite recent 630 

reforestation efforts to reduce soil erosion, Lake Funda has remained eutrophic either from 631 

sustained nutrient inputs or internal loading of phosphorus. Many of the environmental issues in 632 

the Azores are likely to be exacerbated by a warming climate and changes in precipitation. For 633 

instance, warming temperatures can lead to prolonged lake stratification that could further 634 

exacerbate already eutrophic systems (Woolway & Merchant, 2019). Environmental 635 

management strategies need to account for the potential impacts this might have on already 636 

vulnerable lake ecosystems.  637 

 638 

Data Availability 639 

The age model for this core, the total carbon and nitrogen data, the bulk carbon and nitrogen 640 

isotopes, the sterol and stanol abundances, and biogenic silica data are available at Raposeiro et 641 

al. (2021a; https://doi.pangaea.de/10.1594/PANGAEA.933712). Additional data published in 642 

this manuscript are available at Richter et al. (2022; https://doi.org/10.1594/PANGAEA.941316). 643 
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