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1.  Introduction and Motivation
The climate of the last 2,000 years was punctuated by two prominent events:  the Medieval Warm Period (MWP) from 800-1300 A.D. and the Little Ice Age (LIA) from 1400-1850.  The impact of, and evidence for these events derives almost exclusively from the middle latitudes of the Northern Hemisphere continents, largely from tree rings (Jones & Mann, 2004) and mountain glaciers (Grove, 1988).  Remarkably little attention has been given to the tropical climate of the last two millennia and its potential impact on the middle and high latitudes even though massive fluxes of latent heat, moisture and momentum originate there (Peixoto & Oort, 1992) and theory and models suggest that tropical Pacific precipitation anomalies can cause global climate changes 


(Graham et al., 2007; Sardeshmukh & Hoskins, 1988; Seager et al., 2007; Simmons et al., 1983) ADDIN EN.CITE .  Indeed, records of the ENSO system, the monsoons of Asia and India, and the position of the Intertropical Convergence Zone (ITCZ) indicate that the last 2 kyr were a time of profound changes in the tropical climate globally.  During the LIA the East Asian (Wang et al., 2005) and Indian 


(Anderson et al., 2002; Sinha, 2007) ADDIN EN.CITE  monsoons plumbed their weakest intensity and, at least regionally, the ITCZ reached its southern-most position of the entire Holocene (Haug et al., 2001; Newton et al., 2006), ENSO intensity and frequency may have been higher than any time in the last 1,000 years (Cobb et al., 2003), and the Gulf Stream transport may have declined by 10-15% (Lund et al., 2006).
Yet almost every tropical climate record from the late Holocene comes from outside the tropical Pacific basin, from its periphery and/or from continents.  Tropical Pacific climate records that are removed from monsoonal and continental influences, span the last two millennia and have decadal or better resolution are virtually non-existent.  Marine sediment accumulation rates are generally too low for such high temporal resolution.  Changes in tropical air and water temperatures are generally too small for paleotemperature proxies to discern (especially outside of the eastern Pacific ocean waters directly influenced by ENSO).  And surface ocean temperature & salinity signals can be difficult to disentangle from d18O measurements in corals and mollusks. 

We aim to circumvent these issues and produce a robust, decadally-resolved history of rainfall changes associated with movements of the ITCZ during the last 2,000 years by measuring the hydrogen isotopic composition of lipid biomarkers in rapidly accumulating sediments from 16 lakes and lagoons on 13 tropical Pacific islands located between 2°S and 10°N across the Pacific Ocean (Fig. 1).  In addition to the sediment cores we have recovered from Palau, Christmas Island, Washington Island, and San Cristobal Island in the Galapagos, we will be coring the lagoon on Clipperton Atoll in March 2008, and we propose to core lakes and lagoons on 8 islands in the Marshall and Gilbert Islands in the 1st year of this project.  We believe our molecular-isotopic indicators of rainfall applied in these multiple archives across the meridional and zonal extent of ITCZ-related convection and cloudiness, and the arid zones to the north and south, are the best way to improve our understanding of tropical convection patterns through time.  It will also provide critical data for validating and improving the models used to predict the response of tropical and extratropical rainfall and drought to increasing greenhouse gas forcing.

In conducting the proposed study we will test the following null hypothesis:

H0:  The mean annual position of the ITCZ has not changed in the last 2 kyr.

If H0 can be refuted with confidence, as our initial results suggest (see Section 2), we will evaluate the following alternative hypotheses:

H1:  Hydrologic changes in the tropics were larger during the last 2 kyr—a time of stable orbital, greenhouse, and ice sheet forcing--than during most or all of the rest of the Holocene.
H2:  The ITCZ was south of its present location during the LIA.

H3:  The ITCZ was north of its present position during the MWP.
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2  Initial Results 
· Our late Holocene hydrologic reconstructions from Palau, Washington Island and the Galapagos suggest that the last millennium was characterized by large changes in tropical Pacific rainfall patterns and that the mean annual position of the ITCZ was south of its present location (~7°N) during the LIA and north of its present location during the MWP.
2.1 Christmas Island & Washington Island

Located in the Northern Line Islands Christmas Island at 2°N, 157°W (Fig. 1) is a parched desert atoll where evaporation exceeds precipitation by 2 mm/day ((Saenger et al., 2006) and references therein) and hundreds of hypersaline ponds are permanent features of the landscape.  300 km to the north-northwest, Washington Island at 5°N, 160°W (Fig. 1) is a lush tropical rainforest with peat bogs and a large freshwater lake.  Positioned under the ITCZ most of the year, Washington Island receives 3.5 m/yr of rain. We cored the sediments of Washington Lake in July 2005 and found that the modern freshwater lake has only existed since 1582 +/- 47 A.D or later.  For at least 2,650 years prior to that time the lake was hypersaline and the island had an arid climate similar to Christmas Island today.  The evidence for this transition, which we interpret to imply a meridional shift in the mean position of the ITCZ, is the sedimentology (Fig. 2A), microbiology (Fig. 2B) and hydrogen isotope ratio of lipids in Washington Lake sediment (Fig. 2C-D) which, prior to 1582 A.D. were all similar to those in modern Christmas Island hypersaline microbial mat sediments.
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Underlying 1.1 m of gytja (organic-rich freshwater lake sediment) in Washington Lake are 4.6 m of pure cyanobacterial mat material (“red jelly”) that were deposited between 713 +/- 29 A.D. and 1582 +/- 47 A.D (Fig. 2A).  The mat, comprised exclusively of Aphanothece, Enthophysalis and Phormydium cyanobacteria, is virtually identical to those living in the hypersaline ponds on Christmas Island today (Sachs et al., in prep).  Such microbial mat deposits are unambiguous indicators of a hypersaline environment where specialized halotolerant bacteria can thrive and grazing pressure is non-existent 


(Bauld, 1981; Cornee et al., 1992; Fenchel, 1998) ADDIN EN.CITE .  Confirming our interpretation of hypersaline conditions in Washington Lake prior to 1582 A.D. are the D values of lipids in the microbial mat sediments which were between -175 to -120‰ (Fig. 2D).  Such deuterium enrichment is observed in microbial mat lipids from Christmas Island ponds where salinities were between 50-135 PSU (Fig. 2C).  D/H fractionation during lipid synthesis in algae and bacteria decreases by 0.7‰ per unit increase in salinity, as demonstrated by our work in Christmas Island (Sachse & Sachs, 2008) (Fig. 2C) and the Chesapeake Bay (Schwab & Sachs, in prep.), and by culture experiments by Schouten et al. (2006) (Schouten et al., 2006).  We thus interpret the high lipid D values throughout the microbial mat sequence in Washington Lake sediment as indicative of hypersaline conditions from 950 to 1582 A.D. (Fig. 3).  Applying the linear regression between lipid dD and salinity in Christmas Island Ponds in Fig. 2C (dD=0.70*(sal)-210) we infer that salinities during that time were between 55-135 PSU (Fig. 3).  Furthermore, there is a high likelihood that hypersaline conditions existed since the first microbial mat material was deposited at 713 +/- 29 A.D., and perhaps since the first authigenic mineral precipitates were deposited at 1196 +/- 56 B.C. (2,965 +/- 31 yr BP) (Fig. 2B).
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2.2  Palau

At 7°N, 134°E Palau is situated within the Western Equatorial Pacific Warm Pool (WPWP) and receives 3,730 mm rain per year (Fig. 1).  Positioned beneath the ITCZ much of the year, Palau would be expected to receive less rain if the ITCZ were positioned south of its present location.  The ‘marine meromictic lakes’ of Palau (Hamner & Hamner, 1998; Mackenzie et al., 1995) are characterized by strong density stratification maintained by rainfall on top of seawater and permanent anoxia in the subsurface maintained by high fluxes of organic matter that exceed the supply of oxygen from seawater seepage through the surrounding karst.  We cored three of those marine lakes in June 2004 (Spooky Lake, Clear Lake, and Jellyfish Lake).  14C and 210Pb dating confirms very high rates of accumulation of 1-10 mm/yr.

D/H ratios in two different lipids (dinosterol and palmitic acid) from sediments from two of the lakes (Spooky and Jellyfish) spanning the last 140 years indicate a close co-variation with inter-annual rainfall variations associated with ENSO.  This is to be expected since surface water D values in Palau’s marine lakes (-17‰ to -19‰ in Spooky Lake in June 2004) are sensitive to the relative proportions of D-depleted rainwater (-45‰ +/- 28‰ (n=6) in June 2004) and D-enriched seawater (0.9 +/- 0.4‰ (n=12) in Dec. 2004-Feb. 2005), and drought occurs in Palau during El Niño events.  During El Niño the freshwater layer that sits atop the marine lakes all but disappears, [image: image21.png]


and with it the strong density stratification.  Without the prodigious and isotopically-depleted rainfall the surface of the lakes are expected to experience a marked enrichment in deuterium.  Our measurements of D values in dinosterol--a lipid found exclusively in dinoflagellate algae (Volkman et al., 1998)—in the upper 0.5 meters of Spooky Lake sediment, which span the last century according to our 210Pb results, show a trend toward high D values, implying less precipitation, in the latter part of the 20th century, when El Niño events  (negative values of the Southern Oscillation Index, SOI) were stronger and more frequent (Fig. 4).  A similar result was obtained when palmitic acid D values were measured in sediments from Jellyfish Lake (Fig. 4) indicating that the lipid D rainfall signal is likely robust.

Extending the dinosterol D record back to 1500 A.D. we find that the LIA period from 1500-1750 A.D. was dry in Palau relative to the period from 1750-1950 A.D. (Fig. 5), consistent with both more frequent and/or intense El Niño events and with an ITCZ positioned south of its modern position during the LIA.  A proxy record of runoff from the Cariaco Basin at 11°N also indicates dry conditions during the LIA which were attributed to an equator-ward position of the ITCZ (Haug et al., 2001).
In the marine lakes of Palau, where salinities in surface water are up to 20 PSU less than in the subsurface water (and surrounding seawater) and vary with climate conditions (Hamner & Hamner, 1998) we expect the influence of salinity on D/H fractionation in lipids to magnify the change in water D.  For example, if water D values increased by 10‰ in response to decreased rainfall and surface water salinities increased by 5 PSU (the amount of increase in three lakes after the ’97-’98 El Niño) then the total increase in lipid D values is expected to be ~15‰, assuming a 1‰ decrease in D/H fractionation per unit increase in salinity (Fig. 2C).  This additive effect of the change in water D and the change in D/H fractionation during lipid biosynthesis makes saline lakes attractive for applying the lipid D hydrologic proxy, a characteristic we will exploit at Clipperton Atoll and in the Marshall and Gilbert Islands.
2.3  Galapagos
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El Junco Lake occupies an explosion crater in the cone forming the 750 m summit of El Junco mountain, the highest point on San Cristobal island. The lake is endorheic (closed basin), fed only by rain falling onto it and the narrow crater rim. The lake level fluctuates with the state of ENSO, overflowing at times of prolonged or frequent El Niño conditions 


(Colinvaux, 1968; Colinvaux, 1972; Steinitz-Kannan et al., 1998) ADDIN EN.CITE . D values of botryococcenes, lipids produced solely by the green alga Botryococcus braunii (Maxwell et al., 1968), were low during the Little Ice Age (200-550 yr BP or 1400-1750 AD) indicating high rates of precipitation relative to evaporation (Fig. 5).  Wet conditions in the Galapagos and dry conditions in Palau (Fig. 5) during the LIA are consistent with both a southward migration of the ITCZ and frequent and/or intense El Niño events.
Because the sediments of El Junco Lake accumulated at 0.3 mm/yr during the Holocene, on average, and they are bioturbated, we assume a 1-cm thick sediment sample (the thickness of the samples we extracted for this study) yields a lipid D value representative of a 10+ year period of time.  Thus we interpret the precipitation signal we extract to be the mean conditions over a decade or more and unlikely to contain significant inter-annual, or ENSO-timescale information.  A mean position of the ITCZ south of its modern position during the LIA is therefore our preferred interpretation of the El Junco lipid D data.  (Yet because ENSO is genetically linked to the position of the ITCZ, with El Niño events beginning when the ITCZ is at its seasonally southern-most position (Philander, 1983; Tziperman et al., 1997), it is possible that a mean ITCZ position nearer the equator would promote El Niño events.)
2.4  Synthesis of Initial Results

With decadal-resolution hydrologic data from the Galapagos (1°S, 90°W), Washington Island (5°N, 160°W) and Palau (7°N, 134°E) we can begin to evaluate meridional changes in precipitation across much of the Pacific ITCZ (Fig. 1).

The Washington Lake D data indicate that the highest salinities, and hence driest conditions since 885 A.D. occurred at 1405 A.D., the start of the LIA (Fig. 3).  And though freshening occurred thereafter, inferred salinities of 75-135 PSU persisted until at least 1582 A.D., the top of the microbial mat sequence (Fig. 3). (The exact timing of the establishment of the modern freshwater lake is unknown due to modern (i.e., post-1950) 14C dates throughout the entire 1.1 meters of gyttja.  Either bioturbation has throroughly mixed the sediment or grazers destroyed the upper part of the microbial mat when the lake became fresh enough to support macrofauna.)

Concurrently the Galapagos were at their wettest of the last millennium from 1450-1750 A.D. (Fig. 5), Palau was dry from ~1500-1750 A.D. (Fig. 5), and Venezuela was at its driest of the entire Holocene (Haug et al., 2001).  An ITCZ located south of its current mean position of 7°N (and seasonal range of 3°N-10°N) from 1450-1750 A.D. (Hypothesis H2) could reconcile these observations (Sachs et al., in prep).  This would be consistent with model results indicating a southward displacement of the ITCZ when the Northern Hemisphere is cold and sea ice is prevalent (Chiang et al., 2003).
In the portion of the Washington Lake microbial mat deposited during the MWP, from 885-1405 A.D., lipid D values of -175‰ to -150‰ imply salinities of 55-85 PSU (Fig. 3); lower than during the LIA but still hypersaline and requiring much drier conditions than those that support the freshwater lake today. At the same time high lipid D values from El Junco Lake indicate that the Galapagos were also drier during the MWP than during the LIA (Fig. 5), while the Cariaco Basin at 11°N was wetter during the MWP than during the LIA (Haug et al., 2001).  A dry Washington Island at 5°N, 160°W, a dry Galapagos at 1°S, 90°W and a wet Cariaco Basin at 11°N, 65°W are most easily reconciled with an ITCZ located north of its present position during the MWP (Hypothesis H3).
3. Proposed Work
· Compelling as they are, the preliminary interpretations of our data from Palau, Washington Island and the Galapagos would be substantially bolstered by rainfall records spanning the zonal and meridional extent of the modern Pacific ITCZ.
· In order to track the position of the Pacific ITCZ through time we propose to core lakes and lagoons in the Marshall & Gilbert Islands and to conduct decadally-resolved lipid dD analyses for the last 2 kyr in those sediments (Fig. 1).
3.1  The Marshall & Gilbert Islands
The Marshall and Gilbert Islands present an ideal opportunity to track changes in the position of the ITCZ through time (Fig. 1).  Spanning a latitude range from 15°N to 3°S in the west-central tropical Pacific (162°E to 177°E) they are arid in the northern and southern ends where ~1,000 mm of rain falls per year, and very wet in between, where ~4,000 mm/yr of rain falls in the southern Marshall Islands, directly under the ITCZ most of the year (Mueller & Fosberg, 1998) (Fig. 6, left panel & Appendix B).  In the Marshall Islands to the north of the very wet zone, and in the Gilbert Islands to the south, numerous islands receive intermediate rainfall amounts (Fig. 6).  These strong rainfall gradients are caused by the location of the ITCZ (Peixoto & Oort, 1992).   We propose to reconstruct rainfall in the Marshall and Gilbert Islands during the last 2 kyr, and by extension the position of the ITCZ, by measuring lipid D values in sediments from freshwater and saline lakes and closed lagoons on 8 islands between 10°17’N and 1°21’S (Fig. 6 & Table 1 & Appendix A).

The islands of Mejit (10.3°N), Wotje (9.4°N), Lib (8.3°N), Arno (7.1°N), and Jaluit (6.0°N) each have one or more freshwater lakes (Fosberg, 1990).  Both Namorik (5.6°N) and Marakei (2.0°N) have closed, stratified lagoons with anoxic bottom water owing to copious amounts of rain atop seawater.  Nikunau has four hypersaline lakes (Catala, 1957).  More detailed descriptions of these islands and water bodies can be found in Appendix A.

A 6-week fieldtrip to core these lakes and lagoons is proposed in the 1st year of this project (Appendix C).  We initiated contacts with Ambassador Banny deBrum, Republic of the Marshall Islands (RMI) Ambassador to the U.S., and other RMI government officials March 3, 2007 at a Workshop on the Marshall Islands hosted by the University of Washington, NOAA and King County, WA, and have maintained those contacts ever since.  All indications are that we will receive close assistance and cooperation from the RMI in conducting our research there.

[image: image23.png]20eN 3| <rsham B 1 ke |MaEShall A
Junce * Islands
(isolated, north of Marshalisy ~ |
] -7 Pacific Ocean -
1 ikini Rongerik * Bikar
Bikini_ Rongelap 0
15°N them Marshalls) Q L ang;eapa/ U“‘"““po
_ (northem Marshally) | Enewetok Ailnginac=" &
»
Wotho «

e+ Lee

Kwajalein® Lib—"
Atoll  Namu

Ailinglnpalnjz‘/

Jaluit?);
~ Namorik Kili

—BUmAamAR s s
(northorn Gitberts) ~ ~

ABAIANG
1 = (central Gilberts) Gilbert

Tuvalu - Banaba

4 (Ellice Is.)  Nonouti
4 Beru pirurar |
Tabiteueats ot Nikunau
10°S 10 Onotoa
. 1 ‘ : : : N Tamana A oo N
. o N oo &
N
. N -
Mean Annual Rainfall (mm) [ | geel  lwael | usel | o 1





	Table 1:  Proposed coring sites in the Marshall and Gilbert Islands.

	Location
	Site
	N Lat.
	W Long.
	Basin Type

	Marshall Islands
	Mejit
	10°17'
	-170°53'
	Fresh Lake

	
	Wotje
	9°26'
	-170°01'
	Fresh Lake

	
	Lib
	8°19' 
	-167°25'
	Fresh Lake

	
	Arno
	7°05'
	171°41'
	Fresh Lake

	
	Jaluit
	6°00'
	-169°34'
	Fresh Lake

	
	Namorik
	5°37'
	-168°07'
	Closed Lagoon

	Gilbert Islands
	Marakei Atoll
	2°00'
	-173°16'
	Closed Lagoon

	
	Nikunau Atoll
	-1°21'
	-176°27'
	Hypersaline Lk.


3.3  Procedures & Methods

Two coring systems will be employed at each lake and lagoon in the Marshall & Gilbert Islands and at Clipperton Atoll.  Surface interface cores will be taken with a custom-made piston-coring device that recovers the sediment-water-interface intact and those cores will be sectioned at 1-cm intervals in the field.  Longer cores will be recovered in overlapping 1-m sections with a Livingstone-type piston-coring device made by Geocore (http://www.geo-core.com/).  These two coring systems proved very robust and reliable in Palau, the Galapgaos, Christmas and Washington Islands.
Each core will be split and logged with a Geotek Multi-Sensor Core Logger at the University of Washington to measure bulk density, magnetic susceptibility, and digital linescan images.  The most promising cores from each site will be dated with 14C and 210Pb to establish chronologies (Table 1).

Lipid D measurements will be performed along each core on a suitable aquatic biomarker that we will determine using GC-MS 


(Smittenberg & Sachs, 2007; Zhang et al., 2007; Zhang & Sachs, 2007) ADDIN EN.CITE .  The sample spacing will be adjusted to provide for 10-30 year resolution, resulting in ~75 analyses in a 2,000 year-long record (Table 1).  Lipids for D/H analysis will be purified using semi-automated HPLC-MS techniques developed in our lab (Schwab & Sachs, subm.; Smittenberg & Sachs, 2007).  D values of lipids will be measured using GC-irMS with a precision of ~3‰ 


(Englebrecht & Sachs, 2005; Pahnke et al., 2007; Sachse & Sachs, 2008; Smittenberg & Sachs, 2007; Zhang & Sachs, 2007) ADDIN EN.CITE .

4. Environmental Influences on Lipid D/H Fractionation
In addition to salinity, temperature and growth rate may influence D/H fractionation in algal and cyanobacterial lipids to varying degrees, depending on the lipid 


(Sachse & Sachs, 2008; Schouten et al., 2006; Zhang et al., subm.) ADDIN EN.CITE .  In Sections 2.1 & 2.2 we discussed the influence of salinity, which causes D/H fractionation to decrease by ~1‰ per unit increase in salinity 


(Sachse & Sachs, 2008; Schouten et al., 2006; Zhang et al., subm.) ADDIN EN.CITE .  This biologic response has a powerful amplifying effect on the lipid dD paleohydrologic proxy because increases in salinity—which result in higher lipid dD values--are almost always associated with decreses in rainfall and runoff and/or increases in evaporation, all of which typically result in higher water dD values.

Temperature did not influence D/H fractionation in alkenones from cultured coccolithophorids in the study by Schouten et al. (2006).  But in several batch cultures of freshwater algae we observed an increase in D/H fractionation in fatty acids and an alkene with increasing temperature that amounted to 2-4‰/°C.  Clearly we need to perform controlled growth experiments where only temperature is allowed to vary (i.e., chemostats) but even if our finding holds up it is not expected to influence our tropical Pacific rainfall reconstructions because temperature changes in excess of 1°C during the last 2 kyr are not expected in the tropical locations in which we are working.  For comparison, LGM-Holocene SST changes in the tropical Pacific were only ~2°-3°C 


(Kienast et al., 2006; Koutavas & Lynch-Stieglitz, 2003; Koutavas et al., 2002; Koutavas & Sachs, subm; Lea et al., 2000; Leduc et al., 2007; Pahnke et al., 2007; Stott et al., 2002) ADDIN EN.CITE .

Growth rate was reported by Schouten et al. (2006) to influence D/H fractionation in alkenones from batch cultures of coccolithphorids, with higher growth rates associated with greater D/H fractionation.  However salinity and nutrients were not held constant in those experiments.  We performed chemostat experiments with a marine diatom, T. pseudonana, and the coccolithophorid E. huxleyi, and found that growth rate did not affect D/H fractionation in acetogenic (linear) lipids such as alkenones and fatty acids, but was positively correlated with D/H fractionation in isoprenoid (branched) lipids such as sterols (Zhang et al., subm.).  With only two growth rates and two phytoplankton investigated thus far we cannot say with confidence that growth rate changes cause changes in D/H fractionation.  But it is something we will be mindful of when interpreting our lipid dD data.  Ongoing chemostat studies in our lab (and others) should elucidate the growth rate effect in the near future.

Most importantly, our strategy of analyzing sediment cores from multiple lakes and lagoons in the Marshall and Gilbert Islands (Table 1) that span the meridional extent of the modern Pacific ITCZ range (Fig. 1) is designed to extract the large-scale hydrologic signal from local environmental signals in any single lake or lagoon.
5. Summary and Significance

Our initial results from Washington Island, Palau and the Galapagos suggest that the mean position of the Pacific ITCZ was several degrees south of its present location of ~7°N during the LIA, and north of that latitude during the MWP.  These findings are broadly consistent with other tropical paleohydrologic reconstructions indicating that during the LIA ENSO intensities and frequencies were highest of the last 1,000 years (Cobb et al., 2003), the ITCZ reached its southern-most position of the entire Holocene (Haug et al., 2001), and East Asian (Wang et al., 2005) and Indian 


(Anderson et al., 2002; Sinha, 2007) ADDIN EN.CITE  monsoon intensities were weaker than at any time in the Holocene.  

In order to track spatial and temporal changes in the Pacific ITCZ with decadal resolution during the last 2 kyr we will bring to bear hydrogen isotope analyses of lipids in sediments from freshwater and saltwater lakes and lagoons as rainfall indicators at 8 small islands in the Marshall and Gilbert Islands in the west-central tropical Pacific that span the meridional extent of the modern ITCZ (Fig. 1 &  Table 1).  Because so few high-resolution records of climate spanning the last two millennia exist in the tropical Pacific Ocean our proposed data sets ought to substantially expand the current knowledge of the climate of that critical part of the climate system during the time immediately preceding anthropogenic perturbations of the climate system.
APPENDIX A:  Coring Sites
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Mejit is one of the few islands (rather than atolls) in the Republic of the Marshall Islands. With an
estimated population of 400 people, the island is lush in pandanus, breadfruit and taro. It has a beautiful
fresh water lake (rare in the Marshall Islands) with resident ducks. Famous for its pandanus leaf mats. --
>Wikipedia

Mejit Island, cont’d

Mejit is a small and beautiful coral island of lush
taro patches and an abundance of coconut,
breadfruit and pandanus trees. It also has a small
freshwater lake that makes for a lovely swim.
Since Mejit doesn't have a protective lagoon,
fishing and the unloading of boats can be
perilous, especially in November and December
when the winds kick up.

California Beach on the northwest side of the
island is tops for swimming and snorkelling. Best
of all, and unlike the other Marshalls, Mejit has
no poisonous fish. The island is also known for its
pandanus-leaf mats, woven by the Mejit women,
and for the quality of its schools.
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Mejit [1373]
Group: Ratak Chain Archipelago: Marshall Islands
Country: Marshall Islands ~Region: Oceania 14
Lat: 10.32¢ N Long:170.672 €
Area: 1.85q. km Altitude: 2 m
Land < 5 m elevation: 1.8 5. km Sea level rise risk: 9
Depth to nearest land: 4000 m
Nearest island: 90 km group: 800 km
Nearest continent: Australia Distance: 3800 km Isolation Index: 99
ISLAND TYPE: low coral island, central pond  Natural Protection Indicator: 0
CLIMATE: tropical
CATASTROPHIC THREATS: cyclones
Threat Indicator: 1
ECOSYSTEMS:  Number of Ecosystems - Terrestrial: 3 Marine: 2
Mangroves in channel from central pond to sea; fringing reef.
Percent shoreline: Coral Reef: 99% Mangrove: 0% Species Richness Indicator - Terrestrial: 0 Marine: 2
HUMAN OCCUPATION: Inhabited, well cultivated
Population: 329 (1980) Density: 182.8 persons/sq. km
Growth Rate: 3.0%/yr Increasing rapidly
Major Human Activities: coconuts and breadfruit
Percent population in agr/mining/fishing: 80% Human Threat Indicator: 3
Gross Domestic Product: $ 811 per capita Economic Pressure Indicator: 0
DATA RELIABILITY: Data Rel. Indicator: 1
HUMAN IMPACT INDEX  HI: 12
CONSERVATION IMPORTANCE INDEX Cl-Terrestrial: 2 Low
Cl-Marine: 6 Moderate
Last updated: 25/10/88

http://islands.unep.ch/ILL.htm#1373

Mejit Island, cont’d
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From: "RMI Historic Preservation Office”
<rmihpo@ntamar.net>

To: <jsachs@u.washington.edu>
Subject: Re: Lakes in the Marshall Islands
Date: Thu, 29 Mar 2007 15:00:03 +1200

Dear Mr. Sachs,
The RMIHPO team has done field surveys in
most of the outer islands of the Marshalls. Mejit
and Lib Islands both have ponds, | have to check:
about the one in Wotje. | am more
knowledgeable about the one in Lib since | was
involved in the survey. It the most unique
physical feature on the island. It also possesses
traditional significance. While swimming, we
dredged large amounts of silt from the bottom,
as well as numerous dead bivalves. | might be
able to look at the other atoll surveys and find
out if they have ponds and lakes, but almost all
have lagoons. If you want more info on the Lib
pond, | might be able to help you. Josepha
Maddison

Lib's pond

Lib Island - Freshwater Pond

Lib Island

This island or table reef lies at 08" 19" N, 167" 25'

E, south of Kwajalein. It has a large fresh-water pond in
the eastern half, apparently containing some mangroves
(Bruauiera ?) . No scientific information is available, but

| examined the island briefly from the air in 1960. It is
inhabited and partly planted to coconuts. However, there
is considerable native forest remaining on the north side
and around the pond. Tournefortia, Scaevola, Calo~hvllum,
Pandanus, Hibiscus tiliaceus, Bruauiera, A ~ ~ 0 C ~ ~anDd U S
Cocos, could be identified with some confidence from the
air. This island would well repay a visit and careful

study. | know of no collections of plants, birds, or other
scientific specimens from Lib.

-Fosberg (1990) Atoll Res. Bull. No. 330, pp. 84-85

ATOLL RESEARCH BULLETIN
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“A REVIEW OF THE NATURAL HISTORY OF THE MARSHALL ISLANDS”
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Arno Atoll: w/ an enclosed lagoon?
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ARNO ATOLL ]

Arno, lying at 07" 05'N, 171' 41'E, is a large, 21 o
miles long, 6-15 miles wide, irregularly crescent shaped * =
atoll, with many (said to be 133) islets well-distributed | "%
around its reef, several of them, Ine, ljen, and Rakaru 2 = S ol
quite elongate, occupying much of the southern reef. It "’/,é Yo i &

contains approximately 5 square miles of land surface. Th > & o
site of the 1950-1952 Pacific Science Board study, Arno Cea, e

certainly the best studied of the Marshall Group, though s 8
perhaps more time has been devoted to Bikini and Eniwet

Outstanding among the published results of the PSB stud,zau- eonss

the treatment of the vegetation by Hatheway (1953) . This
multifacetted treatment should be consulted by all th
members of the Biodiversity Project team. Here will be
given some generalizations from Hatheway's work.

-Fosberg (1990) Atoll Res. Bull. No. 330, p. 84 \

Hatheway, W. H. 1953
The land vegetation of Arno Atoll, Marshall Islands.
ARB. 16: 1-68.

Arno Atoll - Freshwater Swamps &/or Bogs

Hatheway also described fresh-water swamps or bogs,
dominated by the "wild," or small fruited form of Pandanus
tectorius, called "erdwanM or "erwanW by the Marshallese.
These are found on Ulien, Tutu and Arno islets. They may
have been formed by successive storm ridges cutting off
sections of reef flat. They have bottoms of fibrous peat.
Other species of trees found occasionally are coconut,
Hibiscus tiliaceus, Intsia biiusa, Morinda citrifolia, and
Allolshvlus timoriensis. Epiphytes are Polvpodium
scolo~endria, Nephrolopis acutifolia and Asplenium nidus.

In more open places a herbaceous ground layer of Eleocharis
geniculata, Thelv~teris interru~ta, and Polvoodium
scolo~endria occurs. Some such fresh-water swamps or
marshes may have been taro or yaraj (Cyrtosperma) pits that
were abandoned and invaded by the swamp trees and herbs.

-Fosberg (1990) Atoll Res. Bull. No. 330, p. 84
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Arno Atoll - Mangrove Depressions

depressions, the latter usually rock-bottomed, are fairly
frequent on Arno, perhaps more so than in other Marshall
atolls. The principal species is Bruuuiera svmnorhiza, with
slight to considerable representation of Sonneratia alba,
Lumnitzera littorea and Pem-his acidula. Such swamps occur
on Tinak, Langau, Bikarej and Manwi islets, the first two
completely enclosed by sand or gravel ridges, the latter two
Matoleu districts on Ine Islet. Nephrolepis acutifolia and
Aslslenium nidus occur epiphytically on the mangrove trees.
Elsewhere on the atoll are small local mangrove depressions,
usually pure stands of Brusuiera, locally some Lumnitzera.
Some of these stands may have resulted from Marshallese
introduction of Bruuuiera to wet places.

-Fosberg (1990) Atoll Res. Bull. No. 330, p. 84

Arno Lake/Swamp - image
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Jaluit Atoll-freshwater lakes

6°0° 0” N,169°34° 0" E Decimal  6°, 169.566667°

Date: Sun, 30 Dec 2007 16:32:53 -0800 (PST)
ean Jacobson <atolldino@yahoo.com>

To: atolldino@yahoo.com

Subject: Re: Muddy and Anoxic basins in the Marshall Islands

To: jsachs@u.washington.edu

Julian:

Most atoll lagoons are quite deep, 100-200 feet, and are flushed by tidal flow, and may not have anoxic basins. | know of a few
lakes (freshwater, on small islands). including several near a south western pass in Jaluit (boardering Mejirok pass)
they are perched on a coral basement they cannot be too deep and may not have much sediment, (Mangroves grow on the
interior of a larger islet a bit to the south, called Jaluit Jaluit, but even these mangroves lack sediment; evidently the tannic
acids are dissolving the coral bedrock, causing a uneven floor with sharp protuberances; the several species of salt-tolerant
trees grow on this rock). Perhaps more promising is a eutrophic lake on the small, isolate northern island of Mejit, near the
airstrip. The surface is completely covered with large flocks of algae, (wading in it is unpleasant, with a thick layer of muck)so it
must have a high sedimentaton rate (which may not be good for your purposes)

but the bottom s obviously anoxic. | have heard that this was once a tidal inlet that was artificially land locked in historic
times.

Returning to saltwater, oa single lagoon, of all the atolls (namely Namrick, west of Jaluit) lacks much tidal flow, as it has no
passes (at high tide the lagoon water is "perched"). If one could find an anoxic basin in the RMI, perhaps this would be it.

1will ask around for greater expertise on this and get back to you.

Cheers,
Dean
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http://en.wikipedia.org/wiki/Image:Jaluit_Atoll_1978_.jpg

Marshalls/htmi/histmaps/
Langhans1897_map_laluit3 html
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Jaluit Atoll
Coordinates: 06°00° 00" N 169°34" 00 E /6, 169.566667

Jaluit Atoll s an atoll of 91 islands in the Pacific Ocean. It s a legislative district of the Marshall Islands. Its total land area is
only 4.38 sq mi (11 km?), but that encloses a lagoon of 266.31 sq mi (690 km?).

The population of the islands of Jaluit Atoll is 1,669 as of 1999.

The island of Jabor has the largest population of around 1,200. Jabor is served by two weekly flights (Mondays and Fridays)
from Air Marshall Islands. The island features a small hotel with four rooms, air-conditioning, running water, electricity and a
communal kitchen and shower, where visitors can stay for $50 a night. There are several small stores that sell staple foods
like flower, rice, canned tuna and canned vegetables. Jaluit High School is located at the northern side of the island and
serves 350 students from 6 of the southern atolls. About 250 of them live in the dormitories. The rest live with relatives in
town. Jabor also has a fish base, where motor boats can be rented and a Mobil station that sells gas for about $6.50 a
gallon. Great snorkeling spots are around the sunken dock by the airport and in the northern pass.

The island of Jaluit is connected to Jabor by an 8 mile road. Jaluit, Jaluit has an elementary school and at the southern most
tip of the island there are traditionally built huts available for rent on a beautiful beach.

Imej is an island a 45 minute boat ride from Jabor. It used to be the Japanese army headquarters and you can take a tour on
foot through the jungle to check out the old power station, military quarters, anti-aircraft guns and the Shinto shrine where
the Japanese general committed suicide.

http://en.wikipedia.org/wiki/Jaluit_Atoll

Namorik (or Namdrik Atoll) =
anoxic(?) Lagoon

5°37°0” N,168°7'0” E Decimal 5.616667°, 168.116667°

1
i
£
i
F

Date: Sun, 30 Dec 2007 16:32:53 -0800 (PST)

From: Dean Jacobson <atolldino@yahoo.com>

Reply-To: atolldino@yahoo.com

Subject: Re: Muddy and Anoxic basins in the Marshall Islands
To: jsachs@u.washington.edu

Julian:

Most atoll lagoons are quite deep, 100-200 feet, and are flushed by tidal flow, and may not have anoxic basins. | know of a few
lakes (freshwater, on small islands), including several near a south western pass in Jaluit (boardering Mejirok pass) but since
they are perched on a coral basement they cannot be too deep and may not have much sediment. (Mangroves grow on the
interior of a larger islet a bit to the south, called Jaluit Jaluit, but even these mangroves lack sediment; evidently the tannic
acids are dissolving the coral bedrock, causing a uneven floor with sharp protuberances; the several species of salt-tolerant
trees grow on this rock). Perhaps more promising is a eutrophic lake on the small, isolate northern island of Mejit, near the
airstrip. The surface is completely covered with large flocks of algae, (wading in it is unpleasant, with a thick layer of muck)so it
must have a high sedimentaton rate (which may not be good for your purposes)

but the bottom s obviously anoxic. | have heard that this was once a tidal inlet that was artificially land locked in historic
times.

Returning to saltwater, oa single lagoon,

passes (at high tide the lagoon water is "perched"). If one could find an anoxic basin in the RMI, perhaps this would be it.

1will ask around for greater expertise on this and get back to you.

Cheers,
Dean

2/14/08
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Namorik Atoll - Maps: anoxic(?) Lagoon

http://upload wikimedia.org /wikipedia/commons/d/ds/
Namorik_Atoll_-_Image_%28N-59-00_2000%29 jpg.

hitp://www flickr.com/photo_zoom.gne?id=191460718size=0

http://upload wikimedia.org fwikipedia/commons/f/fc/Namorik_Atoll_-_Map.jog

Namorik Atoll - Wikipedia Entry

Namdrik Atoll (or Namorik Atoll) is an atoll of 2 islands in the Pacific Ocean. Itis a
legislative district of the Ralik Chain of the Marshall Islands. Its total land area is only
1.07 miles?, but that encloses a lagoon of 3.25 miles2.

The population of Namdrik Atoll is 814.

Namorik Atoll (5°35'N., 168'07'E.), about 63 miles NW of Ebon Atoll, consists of two
wooded islands on the reef enclosing the lagoon. A coral islet stands between them
on the reef, with numerous black boulders. The very shallow lagoon is cut off from
the sea by the drying coral reef. Boats can cross the reef with difficulty, at HW on the
W side of the atoll. There is a trade's store on the W side of Namorik Islet, on the S
side of the atoll.

Landing near the W side of Namorik Islet can be effected about 90m S of it. There is
no shelter during NE winds, and it is dangerous with strong SW winds when there is a
heavy sea. There is a fringing reef which extends about 135m in the vicinity of the
landing place. There is depth of about 1.2m and there are rocks in places. Two
stranded wrecks lie about 90m off the S shore along the reef line. (Sailing Directions
Pub-153)

For more information visit EVS-Islands: Namorik Atoll MH

http://en.wikipedia.org/wiki/Namdrik_Atoll
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Wotje Atoll
Coordinates: 09°26" 30" N 170°01" 00" E/9.44167, 170.016667

Wotje Atollis an atoll of 75 islands in the Pacific Ocean. Itis 2 legislative district of the Marshall Islands. Wotje's land area of 3.16 sq mi (8 k")is large and the
main island is one of the widest in Marshall Islands. The islands enclose a lagoon of 241.06 sq mi (624 k).

The population of the islands in atoll (as of 1999) was 900. As of 2007, the population s nearly 1000, which includes about 200 teenagers who live on the island
at the public boarding school, Northern Islands High School. About 125 people live on Wodmej, which is approximately 8 miles from the main island of Wotje.
All other islands are uninhabited and are used only for copra production, picnics, and food gathering.

There are four churches on Wotje, Wotje: Catholic (which runs St. Thomas Elementary School), Protestant, Assembly of God, and Full Gospel. There are several
stores, but the largest is Mama Store, managed by the Tomeing-Johnny family. This store has a smallretail shop, restaurant and coffee window.

The atollis serviced by field trip ships several times a year which bring supplies like rice, flour, and sugar. In addition, the local government and senator manage
asmall ship, Northern Star, which makes more frequent trps.

Air Marshall Islands (AMI) fles to the island twice/week on Saturdays and Tuesdays. Round-trip flight from Majuro or Kwajalein is $242USD. Passage by ship is
$15-20USD.

Wotje Liberation Day (from the Japanese after WWII) s celebrated annually on June 9 with field day activities, speeches from community leaders, prayers, and
a flag raising

Wotje Atoll has four schools: Wodmej Elementary School, Wotje E| v School, st. Thomas € y School, and Islands High School. The first
three are public schools, funded by the national Ministry of Education. St. Thomas is managed by the MaryknollSisters of the Catholic Church.

On Wotje, Wotje there are 2 large piers and a pristine white sandy beach. Fishing in the atoll s excellent, especially around the smaller islands. Some of the fish
You catch may be poisonous, so check with the locals before you eat any. On the ocean side of the atoll, lobster fishing at night is possible depending on the
season, the tides, and location.

Many WWII artifacts remain on the main sland of Wotje, Wotje. A large concrete airstrip, bunkers, big guns and more make this island attractive to war history
enthusiasts.

Wotje - confirmation of INLAND (freshwater?) lake(s)

FRESHWATER AND BRACKISH
Ecosystem: Inland lakes

Location: non-mangrove areas, Wotje, Wotje; Lekan, Kwajelein
Importance: stopover for migratory waterfowl; soft mud provided protection during
World War Il when bombs dropped on Wotje did not explode

Threats: drainage for use of freshwater; pollution; waste oil; pesticides; invasive
exotics

http://wwwbiormi.org/index shtmiZen/ecosystems.shtmI#FRESHWATER% 20AND%20BRACKISH

2/14/08
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~from Clapp (1990) AtollResBull

Legan (Lekan) Islet, Kwajalein Atoll - Confirmed
Inland (freshwater?) lake (2 sources)

Legan (Marshallese "Ambo") is uninhabited but does have a
few buildings on the southern part of the island. Most of the
island is thick jungle like most islands in the Marshall Islands.

Unlike most islands though, Legan has a very small lake in

the middle.

~from http://en.wikipedia.org/wiki/kwajalein

FRESHWATER AND BRACKISH
Ecosystem: Inland lakes

Location: non-mangrove areas, Wotje, Wotje; Lekan,
Kwajelein

Importance: stopover for migratory waterfowl; soft mud
provided protection during World War Il when bombs
dropped on Wotje did not explode

Threats: drainage for use of freshwater; pollution; waste oil;
pesticides; invasive exotics

-from http://www.biormi.org/index.shtml?en/ecosystems.shtmI#FRESHWATER
%20AND%20BRACKISH
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[image: image14.jpg]Roi-Namur, islet on Kwajalein

Roi-Namur -

teriorlake Fifteenwereseenthereat1439 on 26 March 1988
restingon the sand beneath Pemphis bushes on the inl et 's western
shore(Figure34).Otherswerescatteredinsmall numbers along
rocky shoresatlowtide,particularlyonthe westernsid e of Roi and
onthenortheasternsideof Namur. The to tal population of the
islan dprobably did not exceed 30birds.lestimatedthat perhaps 25
birdswere here on 4 November 1964 (Amerson 1969) on a | e s s thorough
survey. Schipper'sobservations (Table 10) a t Roi-Namur suggest
similarpopulationevelsand peaks, but dataar e too few t o provide

much information on periods of migration. -p.48

ATOLL RESEARCH BULLETIN
NO.342

NOTES ON THE BIRDS OF KWAJALEIN ATOLL.

MARSHALL ISLANDS
BY

R.B.CLAPP

ISSUED BY

NATIONAL MUSEUM OF NATURAL HISTORY

SMITHSONIAN INSTITUTION
WASHINGTON, D.C., US A
SEPTEMBER 1990

Roi-Namur, islet on Kwajalein - Wikipedia

Roi-Namur is an island in the northern part of the
Kwajalein atoll in the Marshall Islands.

Occupied by Japanese forces prior to World War
1l it was the target of the U.S. 4th Marine Division
in the Battle of Kwajalein, in February 1944.

Itis home to many Americans who work on the
Ronald Reagan Ballistic Missile Defense Test Site.
There is one runway for small planes that
commute from Kwajalein. The activities on Roi-
Namur range from a nine hole golf course,
saltwater swimming pool, scuba club, movie
theater, volleyball, and basketball court.

The island actually used to be two different
islands until they were joined by the Japanese.
The Namur side is home to the jungle and the
tracking satellites. Roi is the main housing area,
with most of the retail facilities there. The
housing department, library, gym, barber shop,
snack bar, and Outrigger bar share one building.
The store carries the same basic necessities as a
convenience store, along with a DVD rental
facility.

http://en.wikipedia.org/wiki/Roi-Namur

http://www.ymb-613.com/images/roi-namur_today.JPG

Coordinate: 9°24’0” N,167°29° 0" E
Decimal:  9.4°,167.483333°
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[image: image15.jpg]Kili Atoll (5°37" N, 169°07" E)

Kili Island (also known as Kili Atoll) is 2 0.93 square
kilometer island located in the Pacific Ocean at
[show location on an interactive map] 5°37° N,
169°07" E. It is a member of the Marshall Islands
and s located in the Ralik Chain. The island is one of
the smallest islands to form the Marshall Islands. It
is a low coral formation of 0.93 km. It is situated
southwest of Jaluit,

Kili was uninhabited until November 2, 1948 at
which point, the United States Government
relocated the Bikini Atoll's indigenous population
there while Bikini was used for nuclear tests

Kili has no lagoon or reef protection. The island
cannot be reached by ship four months out of the
year because of rough seas. The main agricultural
product is copra. Residents are supported through
trust agreements between the United States and the
Marshall Islands yielding about $15 per person per
year.

http://en.wikipedia.org/wiki/Kili_Island

Kili Island (Atoll) , cont’d

Kili-lsland
This lagoonless i s |an d s surroundedby ar e e f of rather narrow dimensions
especially restricted on the leeward side. It is backed on this side

by a sand beach i n the southwest sector where small boat landings can be made
through a 20-feet-wide channel a-t low tide. A t high tid e such landings are

made with care directly on the rocky tiad bouldery shore. A high bouldery and

rocky beach occupies most of the r e s t of the shoreline except a stretch

fron'cing the north end of the islet vhere sand again occurs. S a | t water

enters through coarse boulders in-to a bra,clrish pond on the leeward side surrounded
bir a growth of emp phis acidula which here also grow on the boulder

rampart runilin®;in ward from the beach. A fresh water swamp now planted

partly i n taro occupies the central par t of the is | e ti n back of the village

proper.

Field notesonato|s visited i n the Marshalls, 1956

by

Herold J. Wiens

Issued by

THE PACIFIC SCIENCE BOARD

National Academy of Sciences-National Research Council

Washington, D. C.
Septeruber 15, 1977

Wiens (1957) Atoll Res. Bull. No. 54 , p. 10.
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[image: image16.jpg]Kili Island (Atoll) , cont’d

KILI ISLAND

A small island lying at 05" 34' N, 169" 04' E, about 1

mile long, a third of a mile wide, land area about 1/3
square mile. It has no | n, onl; rackish pond an
fresh-water marsh or depression. It is totally planted to
coconuts and breadfruit, and is the present home of the
Bikini people, exiled because of radioactive contamination
from nuclear weapons testing on their home atoll of Bikini.
The beaches are mostly cobble and boulder, with two
stretches of sand. Densely inhabited, there is not likely
any remaining native vegetation or native terrestrial animal
life, and nothing of interest to a biodiversity field party.

Fosberg (1990) Atoll Res. Bull. No. 330, p. 60

Airok (a ka Airi k) Isla nd, AILINGLAPALAP ATOLL: 07" 23' N,

168" 46' El

|Ccordinate 7°30" 34" N,168°44° 10

E Decimal 7.509444°, 168.736111°

AILINGLAPALAP ATOLL

This is a large atoll, lying at 07" 23' N, 168" 46' El

in the southern portion of the Ralik Chain, roughly W of
Majuro and N of Jaluit. It is triangular-crescent shape,
convex to the east, about 27 miles by 19 miles, with many
islets scattered on all sides, the larger ones mostly around
curves and angles in the reef. There is a large resident
human population and the larger islands are planted to
coconuts.

On Airik, and Ailinglapalap islet also, is one of the

very few real mangrove swamps in the Marshalls. This has
standing water in the central part, connected by a small
channel with the lagoon at high tide. Sonneratia alba and
Rhizo~hora mucronata var. stvlosa are the principal trees,
with occasional Brusuiera gymnorhiza. The bottom is a gray
calcareous mud or marl. Epiphytic Newhroleois acutifolia
occurs on some trees.

Fosberg (1990) Atoll Res. Bull. No. 330, p. 65

2/14/08
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[image: image17.jpg]Airok (cont’d.)

Ailinglaplap Atoll
From Wikipedia, the free encyclopedia
Jump to: navigation, search

Ailinglaplap is an atoll and municipality of 56 islands in the Pacific Ocean. It is a legislative district
of the Marshall Islands, located in the Ralik Chain. It is located 152 km northwest of Jaluit Atoll. Its
total land area is only 5.67 sq mi (14.7 km?), but it encloses a lagoon of 289.69 sq mi (750 km?).
The dominant plant on the atoll are coconut plantations.

"Ailinglaplap" translates as "greatest atoll" (‘aelon’ (atoll) + 'laplap' (superlative suffix)), because
the greatest legends of the Marshallese people were created there. The four major population
centers on Ailinglaplap Atoll are the settlements of Woja, at the westernmost end of the atoll, Jeh
in the northeast, and Airok and Bouj in the south.

The population of the atoll was 1,959 as of 1999. The current president of the Marshall Islands,
Kessai Note was born at Ailinglaplap Atoll.

http://en.wikipedia.org/wiki/Ailinglaplap_Atoll
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Appendix B:  Marshall and Gilbert Islands Meteorology and Climate

APPENDIX C:  Logisitics of a Coring Expedition to the Marshall and Gilbert Islands
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Fig. 1:  Map of mean annual precipitation in the tropical Pacific with our proposed sampling sites indicated. Data from http://jisao.washington.edu/legates_msu/.
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Fig. 2: (A) Washington Lake core schematic with14C dates & lithologies.  (B) Images of sediment & microbes. The upper 1.1 m of freshwater lake mud contains green algae, such as T. minimum & S. quadricauda, underlain by 4.6 m of microbial mat consisting of Aphanothece, Enthophysalis & Phormydium and nearly identical to mats on Christmas Island today. (C) Positive correlation between salinity & (D values of Christmas Island mat total lipid extracts. (D) High (D values of Washington Lake microbial mat lipids indicate deposition in a hypersaline environment.








Fig. 3:  Lipid dD values (left axis) & inferred salinity (right axis) vs. age in Washington Lake sediment plotted atop the image of the split cores.  The continuous microbial mat, indicated by the red sediment, was deposited from 950 to 1582 A.D. Salinity calculated from dD=0.70*(sal)-210 (Fig. 2C).





Fig. 4: Dinosterol (D values from Spooky Lake (circles) & palmitic acid (D values from Jellyfish Lake (squares) co-vary with a 5-year-smoothed record of the Southern Oscillation Index (SOI) (dashed line, right axis). Error based on triplicate analyses.





Fig. 5: D values of dinosterol in Spooky Lake, Palau (red diamonds) were high during the LIA, indicating dry conditions, while D values of botryococcenes in El Junco Lake, Galapagos (blue circles) were low, indicating wet conditions.  Dry conditions at 7°N (Palau) and wet conditions at 1°S (Galapagos) are consistent with a southward displacement of the ITCZ relative to its modern-day position.





Fig. 6:  Left, mean annual rainfall in the Marshall and Gilbert Islands as a function of latitude � ADDIN EN.CITE <EndNote><Cite><Author>Mueller</Author><Year>1998</Year><RecNum>5942</RecNum><record><rec-number>5942</rec-number><foreign-keys><key app="EN" db-id="zep5d9ds9swrpxe5dewpddv79dwddspsp0es">5942</key></foreign-keys><ref-type name="Book">6</ref-type><contributors><authors><author>Mueller, Dieter</author><author>Fosberg, F. Raymond</author></authors></contributors><titles><title>Vegetation of the Tropical Pacific Islands</title></titles><volume>Ecological Studies, V. 132</volume><section>733</section><dates><year>1998</year></dates><pub-location>New York</pub-location><publisher>Springer</publisher><urls></urls></record></Cite></EndNote>�(Mueller & Fosberg, 1998)�.  Right, islands and the lakes & lagoons we will core in order to capture and reconstruct the full range and gradient of rainfall within and to the north & south of the ITCZ during the last 2 kyr.  See Appendix A for more detailed descriptions of the proposed sites.
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