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Air temperatures in the tropical Andes have risen at an accelerated rate relative to the global
average over recent decades. However, the effects of climate change on Andean lakes,
which are vital to sustaining regional biodiversity and serve as an important water resource
to local populations, remain largely unknown. Here, we show that recent climate changes
have forced alpine lakes of the equatorial Andes towards new ecological and physical
states, in close synchrony to the rapid shrinkage of glaciers regionally. Using dated sediment cores from three lakes in the southern Sierra of Ecuador, we record abrupt increases
in the planktonic thalassiosiroid diatom Discostella stelligera from trace abundances to dominance within the phytoplankton. This unprecedented shift occurs against the backdrop of
rising temperatures, changing atmospheric pressure fields, and declining wind speeds.
Ecological restructuring in these lakes is linked to warming and/or enhanced water column
stratification. In contrast to seasonally ice-covered Arctic and temperate alpine counterparts, aquatic production has not increased universally with warming, and has even declined in some lakes, possibly because enhanced thermal stability impedes the recirculation of hypolimnetic nutrients to surface waters. Our results demonstrate that these
lakes have already passed important ecological thresholds, with potentially far-reaching
consequences for Andean water resources.

Introduction
Andean societies are amongst the most vulnerable when it comes to the impacts of climate
change on freshwater resources. Warming in the Andes is occurring at a rate nearly twice the
global average [1, 2], and is already impacting water resources, most notably through the rapid
shrinkage of glaciers in recent decades [3–6]. Warming-induced reductions in glacial meltwater
have reduced biodiversity and are threatening species extinctions in glacier-fed river systems in
Ecuador [7]. However, little is known concerning the consequences of climate change on lakes
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Figure 1. Location of Cajas National Park in the southern Sierra of Ecuador.
doi:10.1371/journal.pone.0115338.g001

from this region. Despite their importance for regional water supply, lakes have received relatively little attention within the breadth of ecosystems in the tropical Andes [8]. For example,
in Ecuador, the city of Cuenca (population *350,000) obtains *60% of its drinking water
from alpine lakes in nearby Cajas National Park (Fig. 1).
Lake sediments are a widely accessible natural archive of environmental change in the
Andes, and paleolimnological research has provided insights into long-term (i.e., millennialscale) changes in climate-related variables such as El-Niño periodicities [9], South American
monsoon history [10], paleohydrology [11], fire dynamics [12], and vegetation history [13, 14].
These studies, among others, have demonstrated that climate in the tropical Andes has been
highly dynamic over the Holocene and closely modulated by the Pacific Ocean [15]. However,
no studies to date have investigated limnological changes associated with the HoloceneAnthropocene transition [16] in the context of long-term natural variability.
In order to study the impacts of recent warming on equatorial Andean lakes, we recovered
sediment cores spanning approximately the last several centuries of limnological change, from
three alpine lakes in Cajas National Park (2.83° S, 79.17° W; elevations: 3,100–4,450 m asl) in
the Azuay Province of Ecuador (Fig. 1; S1–S3 Figs.). All cores were analyzed for fossil diatom
assemblages (Class Bacillariophyceae), single-celled algae considered to be especially sensitive
bellwethers of environmental change [17, 18], as well as for concentrations of chlorophyll a,
a photosynthetic pigment that has been demonstrated to track past changes in whole lake (i.e.,
ecosystem-scale) production [19].
Cajas National Park contains >200 remote and relatively pristine lakes of glacial origin, isolated from direct human activities in their catchments and thereby obviating the confounding
influences of land-uses on nutrient availability. The lakes are accessible only by hiking trails,
and fishing is permitted only from shore as boats are prohibited to the general public. There is
no development within the catchments, excepting at Llaviacu which has two small buildings
(one abandoned) that are rarely used. There are no glaciers within the park, and the lakes are
fed mainly by precipitation. The study lakes span an elevation gradient from 3,140 to 3,920 m
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asl, and have comparable limnological properties, each being circumneutral in pH, dilute, and
ultra-oligotrophic (Table A in S1 File).

Material and Methods
We thank Maria Cecilia Carrasco Espinoza and Juan Carlos Quezada Ledesma at ETAPA-EP
Parque Nacional El Cajas for research permits and providing assistance for our field work carried out in July 2011.
Temperature data are from the Cañar meteorological station, the nearest long-term continuous record situated *30 km east of Cajas National Park, maintained by the Ecuadorian
Meteorological and Hydrological Service (INAMHI). Wind speeds are monthly means from
NCEP/NCAR reanalyses [20], at 600 hPa levels, based on a 3°×3° grid average covering Ecuador (0–5° S, 77.5–82.5° W). Data for the Niño 3.4 Region SST anomalies [21], bounded by
120° W-170° W and 5° S- 5° N, were obtained from the Climate Prediction Center, NOAA.
An inflatable dinghy was used to collect both water samples and sediment cores from near
the center of each lake. All water and sediment samples were kept cool and dark during the
field season in plastic cooler containers. Protocols for bottling, filtering, and methods for chemical analyses followed Environment Canada [22, 23]. Water samples for chemical analyses were
collected in pre-cleaned bottles approximatey 30 cm below the surface. Immediately upon returning from the field, water samples were transported to the National Laboratory for Environmental Testing (NLET) in Burlington, ON, Canada for analyses.
Sediment cores were recovered from the deepest portions of each basin using a Universal
gravity corer (i.d. = 6.8 cm) and sectioned on-site using a close-interval extruder [24] into
0.5-cm intervals. Core chronology was established using a constant-rate-of-supply (CRS)
model applied to excess 210Pb inventories (Tables B-D in S2 File), counted on a digital, highpurity germanium γ spectrometer (DSPec, Ortec), following standard procedures [25]. Diatom
preparation followed standard protocols for siliceous microfossils [26]; at least 300 diatom
valves were identified and enumerated per interval. The percent relative abundance of fossil
diatoms for all sediment cores are given in Tables E-G in S3 File.
Total sediment chlorins were analyzed by reflectance spectroscopy using a Model 6500 series
Rapid Content Analyzer (FOSS NIRSystems Inc.). In brief, spectroscopic data (400–2500 nm
wavelength range) from lyophilized and sieved (125 μm mesh) sediment samples were run
through a predictive model based on 35 calibration samples covering a gradient of sediment
chlorophyll a concentrations, as measured by high performance liquid chromatography. The
prediction model was developed using a linear regression between a simple reflectance metric
(area under the absorbance peak between 650 and 700 nm) and the summed concentration of
total sedimentary chlorophyll a and its derivatives. This technique captures both primary and
degraded chlorophyll a in sediments, so that diagenetic effects are not problematic [27], and
has been demonstrated to track climate-related paleoproduction fluctuations on the timescale
of the Holocene, as inferred by numerous independent paleoclimate proxies [28]. Spectrallyinferred sediment chlorophyll a concentrations for all sediment cores are given in Tables H-J in
S4 File.

Results
Air temperatures from the Cañar meteorological station near Cajas National Park show a
warming trend since the early 1970s with an average increase of 0.29°C per decade, corresponding to a mean annual temperature increase of 1.15°C since that time (Fig. 2A). This increase is comparable to other temperature records across the tropical Andes [2]. Second-order
fluctuations in temperature bear a strong relationship to El Niño-driven sea surface
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Figure 2. Meteorological records of environmental drivers in the Ecuadorian Andes during the period
1960–2010 AD. a, Air temperatures. Monthly averages shown in grey and a nine-month running mean
superimposed in black. b, Niño 3.4 SST Index. Nine month running mean plotted as departures from the
overall mean for the data set (1960–2010). c, 600 hPa wind velocity. Monthly averages are shown in grey and
a nine-month running mean superimposed in black.
doi:10.1371/journal.pone.0115338.g002

temperature (SST) anomalies (Fig. 2B), conferring the direct influence of Pacific Ocean interannual variability, superposed on the secular recent warming trend. Concurrent with increasing temperatures, wind velocity has steadily decreased in the Cajas region, dropping by over
40% since 2000 AD relative to the 1960s and 1970s (Fig. 2C).
High-resolution analyses of diatom microfossil assemblages from dated sediment cores (Tables B-D in S2 File) show that the planktonic species Discostella stelligera (basionym: Cyclotella
stelligera) has increased from trace abundances to become the dominant diatom in all study
lakes (Figs. 3, 4). The Discostella rise first occurs in the highest elevation lake (Laguna Toreadora, 3,920 m asl) beginning in the early 1960s, and latest in the lowest elevation site (Laguna
Llaviuco, 3,140 m asl) during the late 1980s (Fig. 3). In Toreadora and Chorerras, concurrent
with the D. stelligera rise, there is an increase in Tabellaria flocculosa str. IV (Fig. 4A, B). In Llaviacu, the D. stelligera rise occurs largely at the expense of benthic diatoms including Cymbella
sensu lato taxa, Achnanthes sensu lato taxa, Diatoma taxa and Fragilaria capucina (Fig. 4C).
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Figure 3. Percent Discostella stelligera (relative to total diatoms counted) and total chlorin
(chlorophylls and diagenetic products including pheophorbides and pheophytins) concentrations
from the investigated sediment cores. a, Laguna Toreadora; inset is a photomicrograph of D. stelligera
under field-emission scanning electron microscopy. b, Laguna Chorreras. c, Laguna Llaviacu. Horizontal
dashed lines indicate key dates for major stratigraphic changes derived from 210Pb chronologies, with
associated error terms (Tables B-D in S2 File).
doi:10.1371/journal.pone.0115338.g003

PLOS ONE | DOI:10.1371/journal.pone.0115338 February 3, 2015

5 / 10

Climate Change Alters Andean Lakes

Figure 4. Fossil diatom profiles expressed as percent abundance versus core depth for (a) Toreadora, (b) Chorerras, and (c) Llaviacu. Approximate
210
Pb dates denoting key stratigraphic changes are inset. (Note: s.l. = sensu lato)
doi:10.1371/journal.pone.0115338.g004

In Toreadora, total sediment chlorin concentrations record consistent declines beginning in
the early 1960s and attain unprecedented low levels in the most recent sediments (Fig. 3A). In
Chorerras and Llaviacu, sediment chlorin profiles show little-to-no change over the study period (Fig. 3B, C).
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Discussion
The combined effects of increasing temperatures and reduced wind speeds have resulted in
marked ecological restructuring in the Cajas study lakes, which are unprecedented within the
recent centuries spanned by our sediment archives. All cores record a rapid rise in D. stelligera
occurring within the last *50 years, continuing to the present-day (Fig. 3). Similar increases in
the relative abundance of cyclotelloid diatoms have been documented in hundreds of lakes in
Europe and North America, beginning in the mid-20th century [29–32]. In these cases, their
rise has been attributed to recent climate warming, which has decreased the duration of seasonal ice cover and/or enhanced the stability of water-column thermal stratification in the growing
season. Similar species shifts recorded in Cajas National Park indicate that these lakes may be
experiencing greater periods of water column stability and thermal stratification as would be
expected given rising temperatures and reduced local wind speeds (Fig. 2).
Concurrent with the Discostella rise, sediment cores from Toreadora and Chorerras also record increased in Tabellaria flocculosa str. IV (Fig. 4A, B). This taxon is typically classified as
planktonic and is commonly documented in the plankton of oligotrophic lakes [33–35]. The
increase in D. stelligera and T. flocculosa occurs at the expense of more heavily silicified
tychoplanktonic genera such as Aulacoseira that require periodic resuspension by mixing in
order to remain in the photic zone [6, 32]. A rapid rise of planktonic diatoms [6, 32], such as
the Discostella and Tabellaria taxa in question, from near zero values to dominance within
an assemblage is viewed as a major ecological change because it often reflects a physical restructuring of the water column, which can, in turn, affect a whole suite of lake processes. For
example, in tropical lakes, which lack seasonal ice cover, mixing is an essential vector for
nutrient supply to the epilimnion [36–38].
Although there are many factors that can affect mixing and stratification, the relationship
between elevation and the onset of the Discostella and Tabellaria rise recorded in the study
lakes is consistent with climate models that predict the scaling of temperature increases with altitude [39], and consequently that the highest elevations will be the first to cross climate-driven
ecological thresholds. The increase in planktonic taxa, in particular D. stelligera, further represents an ecological fingerprint for the onset of the Anthropocene, detectable in many lake sediments of the northern hemisphere [16, 29–32], but hitherto not documented in the tropical
Andes. We show here that Discostella increases also occur in equatorial alpine lakes where seasonal variation of temperature and solar radiation inputs are minimal, and in the absence of
seasonal lake ice cover. Moreover, the limnological changes recorded by the sediment record
occur in direct synchrony with climate-related changes recorded elsewhere in the Andes, most
notably the rapid demise of glaciers and the up-slope progression of agriculture [3].
Concurrent with diatom assemblage shifts, most northern-hemisphere lakes also record a
sharp rise in algal production associated with recent warming [27, 40], driven largely by prolongation of the ice-free growing season. We measured total sediment chlorin (chlorophylls
and diagenetic products including pheophorbides and pheophytins) using non-destructive
spectroscopic approaches. This serves as a generalized proxy for total algal paleoproduction, in
part because it records both primary sedimentary chlorophyll a as well as diagenetic products
[27, 40]. Trends in whole-lake production inferred from sediment chlorin concentrations do
not show increases in aquatic production, and even slight declines in recent decades in the case
of Laguna Toreadora (Fig. 3). With climate warming and enhanced thermal stability of the
water column, the upwelling of hypolimnetic nutrients to surface waters becomes curtailed,
thereby decreasing the sediment signal of total lake production. Although the trend of becoming more oligotrophic with warming has been documented previously in an African rift lake
[36, 37], we provide evidence that it may also extend to much smaller tropical alpine lakes.
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Our paleoecological data show that warming temperatures and weakening winds have altered the physical and biological structure of tropical Andean lakes in profound ways. Foremost among these changes is the ecological reorganization of phytoplankton communities
borne out of sediment diatom assemblages. Attendant changes in nutrient cycling inferred
from sediment chlorin concentrations are associated with changes in lake physical mixing processes, such as the strengthening of thermal stratification [37]. Because algae form the base of
the food chain in lakes, these changes are harbingers of processes that can reverberate within
the trophic structure of lakes, ultimately affecting top predators such as fish, birds, and even
humans. Collectively, present and future limnological changes in the Tropical Andes have significant ecological and potentially societal implications that are exacerbated as water availability from glaciers diminishes [4–6]. Given the inevitability of increasing human pressure on
lakes regionally, the observation of pronounced ecological restructuring becomes especially
sobering.
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S4 File. Tables H-J. Spectrally-inferred sediment chlorophyll a concentrations for Llaviacu
(Table H), Toreadora (Table I) and Chorerras (Table J).
(XLSX)

Acknowledgments
This research was funded by NSERC Discovery Awards awarded to JPS and APW, and a NGS
grant to CAC. N. Young and C. Bond assisted with fieldwork. J. Kurek and journal reviewers
provided helpful comments on the manuscript.

Author Contributions
Conceived and designed the experiments: NM JPS. Performed the experiments: NM. Analyzed
the data: NM JPS APW CAC WOH MV. Contributed reagents/materials/analysis tools: NM
JPS APW CAC WOH MV. Wrote the paper: NM JPS APW CAC WOH MV.

PLOS ONE | DOI:10.1371/journal.pone.0115338 February 3, 2015

8 / 10

Climate Change Alters Andean Lakes

References
1.

Vuille M, Bradley RS, Werner M, Keimig F (2003) 20th century climate change in the tropical Andes: observations and model results. Climatic Change 59: 75–99. doi: 10.1007/978-94-015-1252-7_5

2.

Vuille M, Bradley RS (2000) Mean annual temperature trends and their vertical structure in the tropical
Andes. Geophys Res Lett 27: 3885–3888. doi: 10.1029/2000gl011871

3.

Herzog SK, Martínez R, Jørgensen PM, Tiessen H, editors (2011) Climate Change and Biodiversity in
the Tropical Andes ISBN: 978-85-99875-05-6.

4.

Rabatel A, Francou B, Soruco A, Gomez J, Càceres B, et al. (2013) Current state of glaciers in the tropical Andes: a multi-century perspective on glacier evolution and climate change. The Cryosphere 7:
81–102. doi: 10.5194/tc-7-81-2013

5.

Vuille M, Francou B, Wagnon P, Juen I, Kaser G, et al. (2008) Climate change and tropical Andean glaciers: Past, present and future, Earth-Science Reviews 89: 79–96. doi: 10.1016/j.earscirev.2008.04.
002

6.

Baraer M, Mark BG, McKenzie JM, Condom T, Bury J, et al. (2012) Glacier recession and water resources in Peru’s Cordillera Blanca, J Glaciol 58: 134–150. doi: 10.3189/2012jog11j186

7.

Jacobsen D, Milner AM, Brown LE, Dangles O (2012) Biodiversity under threat in glacier-fed river systems, Nature Climate Change 2: 361–364. doi: 10.1038/nclimate1435

8.

Maldonado M, Maldonado-Ocampo JA, Ortega H, Encalada AC, Carvajal-Vallejos FM, et al. in Climate
Change and Biodiversity in the Tropical Andes. (2011) ISBN: 978-85-99875-05-6.

9.

Rodbell D, Seltzer GO, Anderson DM, Abbott MB, Enfield DB, et al. (1999) An 15,000 year record of El
Nino-driven alluviation in southwestern Ecuador. Science 283: 516–520. PMID: 9915694

10.

Bird BW, Abbott MB, Vuille M, Rodbell DT, Standell ND, et al. (2011) A 2300-year-long annually resolved record of the South American summer monsoon from the Peruvian Andes. Proc Nat Acad Sci
108: 8583–8588. doi: 10.1073/pnas.1003719108 PMID: 21555548

11.

Abbott MB, Wolfe BB, Wolfe AP, Seltzer GO, Aravena R, et al. (2003) Holocene paleohydrology and
glacial history of the central Andes using multiproxy lake sediment studies. Palaeogeogr Palaeoclimatol
Palaeoecol 194: 123–138. doi: 10.1016/s0031-0182(03)00274-8

12.

Niemann H, Behling H (2008) Late Quaternary vegetation, climate and fire dynamics inferred from the
El Tiro record in the southeastern Ecuadorian Andes. J Quat Sci 23: 203–212. doi: 10.1002/jqs.1134

13.

Bush MB, Hansen CS, Rodbell DT, Seltzer GO, Young KR, et al. (2005) A 17 000-year history of Andean climate and vegetation change from Laguna de Chochos, Peru. J Quat Sci 20: 703–714. doi: 10.
1002/jqs.983

14.

Hansen BCS, Hansen BCS, Rodbell DT, Seltzer GO, Young KR, et al. (2003) Late-glacial and Holocene vegetational history from two sites in the western Cordillera of southwestern Ecuador. Palaeogeogr Palaeoclimatol Palaeoecol 194: 79–108. doi: 10.1016/s0031-0182(03)00272-4

15.

Polissar PJ, Abbott MB, Wolfe AP, Vuille M, Bezada M (2013) Synchronous interhemispheric Holocene
climate trends in the tropical Andes. Proc Natl Acad Sci 110: 14551–14556. doi: 10.1073/pnas.
1219681110 PMID: 23959896

16.

Wolfe AP, Hobbs WO, Birks HH, Briner JP, Holmgren SU, et al. (2013) Stratigraphic expressions of the
Holocene-Anthropocene transition revealed in sediments from remote lakes. Earth-Science Reviews
116: 17–34. doi: 10.1016/j.earscirev.2012.11.001

17.

Michelutti N, Wolfe AP, Vinebrooke RD, Rivard B, Briner J (2005) Recent primary production increases
in arctic lakes. Geophys Res Lett 32: L19715. doi: 10.1029/2005gl023693

18.

Smol JP, Stoermer EF (Eds.) (2010) The Diatoms: Applications for the Environmental and Earth Sciences, 2nd Edition Published by Cambridge University Press. Cambridge University Press.

19.

Leavitt PR, Hodgson DA (2001) Sedimentary Pigments. In Smol JP, Birks HJB, Last WM (Eds.) Tracking Environmental Change Using Lake Sediments. Volume 3: Terrestrial, Algal, and Siliceous Indicators. Kluwer Academic Publishers, Dordrecht, The Netherlands.

20.

Kalnay E, Kanamitsu M, Kistler R, Collins W, Deaven D, et al. (1996) The NCEP/NCAR 40-year reanalysis project, Bull Amer Meteor Soc 77: 437–470.

21.

Trenberth KE (1997) The definition of El Niño. Bull Amer Meteor Soc 78: 2771–2777. doi: 10.1175/
1520-0477(1997)078<2771:tdoeno>2.0.co;2

22.

Environment Canada (1994) Manual of analytical methods. Major ions and nutrients, vol 1. National
Laboratory for Environmental Testing, Canadian Center for Inland Waters, Burlington, ON, Canada.

23.

Environment Canada (1994) Manual of analytical methods. Trace metals, vol 2. National Laboratory
for Environmental Testing, Canadian Center for Inland Waters, Burlington, ON, Canada.

PLOS ONE | DOI:10.1371/journal.pone.0115338 February 3, 2015

9 / 10

Climate Change Alters Andean Lakes

24.

Glew JR (1988) A portable extruding device for close interval sectioning of unconsolidated core samples. J Paleolimnol 1: 235–239. doi: 10.1007/BF00177769

25.

Schelske CL, Peplow A, Brenner M, Spencer CN (1994) Low-background gamma counting: applications for 210Pb dating of sediments. J Paleolimnol 10: 115–128. doi: 10.1007/BF00682508

26.

Battarbee RW, Jones VJ, Flower RJ, Cameron NG, Bennion H, et al. (2001) in Tracking Environmental
Change Using Lake Sediments. Kluwer, Dordrecht, The Netherlands.

27.

Michelutti N, Blais JM, Cumming BF, Paterson AM, Rühland K, et al. (2010) Do spectrally inferred determinations of chlorophyll a reflect trends in lake trophic status? J Paleolimnol 43:205–217, doi: 10.
1007/s10933-009-9325-8

28.

Michelutti N, Wolfe AP, Briner JP, Miller GH (2007) Climatically controlled chemical and biological development in Arctic lakes. J Geophys Res Vol. 112: G03002, doi: 10.1029/2006JG000396

29.

Smol JP, Douglas MSV (2007) From controversy to consensus: making the for recent climate change
in the Arctic using lake sediments Front Ecol Environ 5: 466–474. doi: 10.1890/060162

30.

Rühland KM, Paterson AM, Keller W, Michelutti N, Smol JP (2013) Global warming triggers the loss of
a key Arctic refugium. Proc R Soc B 280: 20131887. doi: 10.1098/rspb.2013.1887 PMID: 24107529

31.

Smol JP, Wolfe AP, Birks HJB, Douglas MSV, Jones VJ, et al. (2005) Climate-driven regime shifts in
the biological communities of Arctic lakes. Proc Natl Acad Sci 102: 4397–4402. doi: 10.1073/pnas.
0500245102 PMID: 15738395

32.

Rühland KM, Paterson AM, Smol JP (2008) Hemispheric-scale patterns of climate-related shifts in
planktonic diatoms from North American and European lakes. Glob Change Biol 14: 2740–2754.

33.

Kelly MG, Bennion H, Cox EJ, Goldsmith B, Jamieson J, et al. (2005). Common freshwater diatoms of
Britain and Ireland: an interactive key. Environment Agency, Bristol.

34.

Cremer H, Wagner B (2004) Planktonic diatom communities in High Arctic lakes (Store Koldewey,
Northeast Greenland). Can J Bot 82: 1744–1757. doi: 10.1139/b04-127

35.

Cremer H, Wagner B. Melles M, Hubberten H.-W (2001) The postglacial environmental development of
Raffles Sø, East Greenland: inferences from a 10,000 year diatom record. J Paleolimnol 26: 67–87.
doi: 10.1023/a:1011179321529

36.

Tierney JE, Mayes MT, Meyer N, Johnson C, Swarzenski PW, et al. (2010) Late-twentieth-century
warming in Lake Tanganyika unprecedented since AD 500. Nature Geoscience doi: 10.1038/
NGEO865

37.

O’Reilly CM, Alin SR, Pilsnier PD, Cohen AS, McKee BA (2003) Climate change decreases aquatic
ecosystem productivity of Lake Tanganyika, Africa. Nature 424: 766–768. PMID: 12917682

38.

Gunkel G, Casallas J (2002) Limnology of an equatorial high mountain lake–Lago San Pablo, Ecuador:
the significance of deep diurnal mixing for lake productivity. Limnologica 32: 33–43. doi: 10.1016/
s0075-9511(02)80015-9

39.

Bradley RS, Vuille M, Diaz HF, Vergara W (2006) Threats to water supplies in the tropical Andes. Science 312: 1755–1756. PMID: 16794068

40.

Michelutti N, Wolfe AP, Vinebrooke RD, Rivard B, Briner J (2005) Recent primary production increases
in Arctic lakes. Geophys Res Lett 32: L19715, doi: 10.1029/2005GL023693

PLOS ONE | DOI:10.1371/journal.pone.0115338 February 3, 2015

10 / 10

