A stable isotope record of Late Quaternary hydrologic change in the northwestern Brooks Range, Alaska (eastern Beringia)
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Abstract 
A sub-millennial resolution record of lake water oxygen isotope composition (18O) from chironomid head capsules is presented from Burial Lake, northwestern Alaska. The record spans the Last Glacial Maximum (LGM; ~20 to 16k cal a BP) to present and shows a series of large lake 18O shifts (~5‰). Relatively low 18O values occurred during a period covering the LGM, when the lake was a shallow, closed-basin pond.  Higher values characterize deglaciation (~16 to 11.5k cal a BP) when the lake was still closed but lake levels were higher. A rapid decline between ~11 and 10.5k cal a BP indicates that lake levels rose to overflowing. Lake 18O values are interpreted to reflect the combined effects of changes in lake hydrology, growing season temperature, and meteoric source water as well as large-scale environmental changes impacting this site, including opening of the Bering Strait and shifts in atmospheric circulation patterns related to ice-sheet dynamics. Results indicate significant shifts in precipitation-minus-evaporation across the late Pleistocene to early Holocene transition, which are consistent with temporal patterns of vegetation change and paludification. This study provides new perspectives on the paleohydrology of eastern Beringia concomitant with human migration and major turnover in megafaunal assemblages.  
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Introduction
	Hydrology is a less conspicuous aspect of Arctic paleoclimate than extreme temperature variations or circulation patterns. However, the hydrologic impacts of climate change are the proximate cause for shifts in ecosystem function in Alaska and the former sub-continent of Beringia (MacDonald et al., 2000; Guthrie, 2001; Mann et al., 2002). These regions are characterized by relatively low amounts of precipitation in addition to cold temperatures, which, in combination, determine the distribution of plant functional types (e.g., forbs, dwarf shrubs, tall shrubs; Kaplan et al., 2003). Less recognized and equally important factors are the relatively high rates of evaporation and evapotranspiration, particularly within the continental interior regions, where despite short growing seasons, a precipitation minus evaporation (P-E) deficit (e.g., aridity) is widespread and persistent. The current predominance of oversaturated soils during the ice-free season, which serves to maintain the region’s modern state of ‘waterlogged aridity’ (Mann et al., 2001), is the result of seasonal snow and glacier melt and thaw of the active layer, ground ice and permafrost, fostering the existence of vast peatlands. Broad changes in lLate- Pleistocene moisture balance across Beringia,, via more increased or less reduced precipitation, evaporation and/or cloud cover,  have been proposed, modeled, and explored with proxy data (Bartlein et al., 1991; Anderson and Brubaker, 1994; Elias et al., 1996; Barber and Finney, 2000; Guthrie, 2001; Mann et al., 2002; Abbott et al., 2010; Finkenbinder et al., 2014), but many specific mechanisms remain unexplored by paleoenvironmental proxy data.  For example, a more complete understanding of precipitation seasonality, and subsequent factors contributing to water cycling, such as evaporation and evapotranspiration (as influenced by temperature, humidity, radiation, CO2, and wind) and infiltration/flow/permafrost, are needed to understand the impacts of climate change on Arctic regions—pa for the past, present, and future.	Comment by mary edwards: Do we need a reference for this? 	Comment by mary edwards: Is it not also due to the presence of permafrost preventing drainage? 
….2001), is a result of the interplay of active-layer thaw, permafrost-impeded drainage, and seasonal snow and ice melt, conditions that have fostered the development of vast peatlands.	Comment by mary edwards: Add as a modeling paper
Bartlein, et al 2015 In refs already (Specifically Beringia, simulates P, P-E etc)
Or
Bartlein, P. J., Hostetler, S. W., and Alder, J. R.: Paleoclimate, in: Climate Change in North America, Regional Climate Studies, Ohring, G. (Ed.), Springer, 1-51, DOI: 10.1007/978-3-319-03768-4_1, 2014. (More general review of paleoclimate model output).


	Comment by mary edwards: ET also influenced by vegetation – but is this list actually needed, as we might assume people know this? Omitting would streamline sentence 
Water sStable isotope ratios of water (e.g., 18O/16O expressed as 18O values) are widely used to study the hydrologic cycle. The oxygen and hydrogen isotopic composition of lakes, streams, frozen ground, and meteoric water contains information about many variables of importance to precipitation and evaporation fluxes in Alaska, such as temperature and aridity (Anderson et al., 2013; MacDonald et al., 2017). Paleorecords of environmental water 18O values, trends, and shifts in Alaska and the Yukon territory include measurements from alpine glacier ice cores, permafrost ice-wedges, fossil tree-rings and peat (e.g., Fisher et al., 2008; Gaglioti et al., 2017; Meyer et al., 2010; Jones et al. 2014). A far greater number of 18O records, particulary for the Holocene, are from dated lake sediments and derived from the analyses of various sedimentary materials including carbonate, biogenic silica, cellulose and chironomid headcapsule chitin (Anderson et al., 2001; Anderson et al., 2005; Bailey et al., 2018; Hu and Shemesh, 2003; Clegg and Hu, 2010; Schiff et al., 2009; Wooller et al., 2012a; Wooller et al., 2012b). In general, sediment proxies for lake water 18O reflect 1) a lake’s source water 18O and 2) water loss by evaporation after, 3) accounting for biological or thermal fractionation effects (Leng et al., 2004; Horton et al., 2016). A lake’s source water 18O, reflects a balance between the 18O values of precipitation directly to the lake and via streams and groundwater (which are related to precipitation amount, vapor source and trajectory and the temperature of condensation) and the isotopic effects of evaporation, which may range from minor to dominant, depending on lake water residence times of lake water (Anderson et al., 2016). Under rare circumstances, when a lake system has permanent,ly rapid throughflow that precludes evaporative effects, lake water isotope values of lake water may directly reflect meteoric values. Clearly, iInterpretations of lake water 18O proxy records must account for each individual lake’s hydrology and environmental controls.	Comment by mary edwards: As a non-expert I am not clear how aridity is measured with isotopes	Comment by mary edwards: Abrupt changes?
Records of environmental water 18O values of Pleistocene age within the sub-continent of Beringia are exceptional (e.g., Chapligin et al., 2012; Weitterich et al., 2021). Currently, across for eastern Beringia they exist are derived exclusively from ground  ice sources, and coverage remains sparse (e.g., Meyer et al., 2000; Murton et al., 2017; Lachniet et al., 2012). Deglacial 18O records (~18 to 10.7k cal a BP) from cellulose extracted from ice wedges and fossil wood cellulose in northern Alaska exhibit general consistencyare generally consistent in indicating and indicate significant declines in 18O during the Younger -Dryas chronozone (YD: Meyer et al., 2010; Gagliotti et al., 2017). These are, attributed to interactions between involving shifts in atmospheric temperature, ice extent in the Bering Sea Ice extent, and North Pacific temperatures of source vapor in the North Pacific temperatures (Epstein, 1995). In south-central Alaska, declines during the YD are also registered by lake carbonate 18O values (Yu et al. 2008). Attributing The attribution of deglacial paleoclimatic drivers of environmental water isotopes in Beringia is particularly complex due to rearrangements in large- scale atmospheric and oceanic circulation by ice-sheet decay, gradual changes in solar forcing, and encroaching shorelines with sea- level rise that ultimately led to the submergence of the Bering Land Bridge by ~11k cal a BP (BLB; Jakobsson et al., 2017; Bartlein et al., 2015).	Comment by mary edwards: Not sure what this means here – uncommon or brilliant?
This study presents the most continuous proxy record for environmental water 18O from the Last Glacial Maximum (LGM) to present from sediments of Burial Lake. The site, is located in the northwest Brooks Range of northern Alaska, which was part of northeastern Beringia during the Pleistocene. The sub-millennial scale record is based on the 18O values from fossil chironomid head capsules. It that  covers a portion of Marine Isotope Stage 3 (MIS-3; ~39 to 34k cal a BP), and continuously spans the full glacial to the late Holocene (~20.4 to 2.5k cal a BP). Chironomids are non-biting midges; they are that are ubiquitous at high latitudes and their chitinous larval stage headcapsules are resistant to decomposition (Verbruggen et al., 2010a). Whereas taxonomic assemblages of fossil chironomid headcapsules can provide reconstructions of past growing season temperatures (Axford et al., 2009; Luoto et al., 2017) including those of Burial Lake documented by Kurek et al. 2009, and referred to hereafter as T July chiron, chironomid 18O values reflect lake water 18O in which they grow, exhibiting a relatively minor temperature fractionation for oxygen (Verbruggen et al. 2010b; Wang et al., 2009; Wooller et al., 2004; Arppe et al., 2017; van Hardenbroek et al., 2018; Lasher and Axford, 2019; Lombino et al., 2021). Regional and global calibration studies show that the 18O value of lake water primarily dictates the 18O value of chironomids, irrespective of taxonomy (Wang et al., 2008 and Soto et al., 2013). Chironomids are a particularly valuable proxy in regions where lacustrine carbonates are either discontinuously preserved or absent altogether, which characterizesas is the case for large regions of Beringia (Wooller et al., 2012a; Wooller et al., 2018).  	Comment by mary edwards: Most continuous from Burial Lake or most continuous yet from eastern Beringia? 
The chironomid-18O record of Burial Lake reflects the combined effects of changes in the 18O values of source waters to the lake, such as precipitation and groundwater. Evaporation effects are strongly controlled by lake hydrology, including lake configurations spanning that range from a closed, shallow terminal basin to a throughflowing and overflowing headwater source. To these factors are is in addedaddition to the magnitude of changes variations in relative humidity, which is in turn controlled by factors such as proximity to the marine shoreline, the length of the ice-free growing season and temperature. Thus, tThe interpretation of Burial Lake 18O values is thus aided by the previously reconstructed chronologiesy of lake levels and July-temperature chiron, which provide data relevant to understanding P-E (Finkenbinder et al., 2015; Kurek et al., 2009). Further available information is provided byrelates to aeolian dust deposition, and paleoproductivity (Dorfman et al., 2015; Finkenbinder et al., 2018). With such a wealth of available multiproxy data, Burial Lake is has unique potential unique for the exploringation the of thermal and hydrologic aspects of Beringian paleoclimate, particularly the and the dynamics processes of their interaction during the transition from late Pleistocene and to early Holocene transition. Their comparison allows provides the highly unusual opportunity to explore evaporation, a variable of high bioclimatic importance for cold-adapted vegetation responses during full glacial and de-glacial periods (e.g., Guthrie, 2001). From the resultsUsing these records, we evaluate relationships betweenassess hydrologic change at Burial Lake within the context of other paleoenvironmental records from Eastern Beringia (Bartlein et al., 1991), including the interactions between global boundary conditions and regional-scale forcings (Bartlein et al., 2015). 	Comment by mary edwards: Maybe cite Kaplan et al here—shows the effect of available moisture on vegetation composition in a simple conceptual model
Kaplan, J. O.; Bigelow, N. H.; Prentice, I. C.; Harrison, S. P.; Bartlein, P. J.; Christensen, T. R.; Cramer, W.; Matveyeva, N. V.; McGuire, A. D.; Murray, D. F.; Razzhivin, V. Y.; Smith, B.; Walker, D. A.; Anderson, P. M.; Andreev, A. A.; Brubaker, L. B.; Edwards, M. E.; Lozhkin, A. V. 2003.  Climate change and Arctic ecosystems: 2. Modeling, paleodata-model comparisons, and future projections.  Journal of Geophysical Research-Atmospheres, Vol. 108, No. D19, 8171.

Study site and Regional Isotope Hydrology
Burial Lake (68.434˚N, 159.174˚W, 460 m a.s.l.) is located in the remote upper reaches of the Noatak River Basin (NRB) in the western Brooks Range of northwestern Alaska (Fig. 1). The upper NRB is surrounded by the DeLong Mountains to the north and the Baird Mountains to the south. The Burial Lake basin has a middle Pleistocene glacial origin (Sagavanirktok River glaciation; Hamilton, 2001) and is roughly circular with a lake surface area of 0.8 km2, a  maximum depth of 21.5 m, and a watershed area of 3.3 km2 (Fig. 1A). Surface runoff into the lake is by numerous diffusely arranged small gullies with ephemeral streams. Although sediment core evidence indicates past lake levels were below the outflow elevation (Abbott et al., 2010), currently a singular shallow outflow channel drains the lake to the south (Fig. 1B and 1C). Ground observations in 2010 indicated consistent outflow with higher water marks by vegetation suggesting higher flows during spring melt (Fig. 1B and C). Located At ~100-km north of  boreal tree-line, the local vegetation is low aArctic tundra dominated by sedges, Salix, shrub-Betula, and Alnus with small stands of Populus balsamifera in nearby river valleys. Estimates of mean annual air temperatures (MAAT) in the upper NRB from climate reanalyses are between -7 to -9˚C, which lead results into the presence of near-surface permafrost; and active layer thicknesses are upup to 50 cm depth (Pastich et al., 2015). Further information about the Burial Lake setting, sediments, fossil pollen and chironomid taxonomy, can be found in Kurek et al. (2009), Abbott et al. (2010) and Finkenbinder et al. (2015). The site descriptions here focus on hydroclimatic characteristics which are pertinent to surface water and meteoric water isotope values and variations.[image: ][image: A picture containing text

Description automatically generated]	Comment by mary edwards: Not sure what this means
Evidence of higher water levels on lakeside vegetation?
Figure 1. Map showing Northern Alaska and the location of Burial Lake. Locations of Ivotuk meteorological station, Lake of the Pleistocene (LOP) (Gagliotti et al., 2017), and the Fairbanks (Lachniet et al., 2012) and Barrow ice wedge (Meyer et al., 2010) records are also labeled. (A) Burial Lake water depth contours (2-m) on a satellite image (Landers et al., 2008; ArcMap global imagery database), (B) Ground view of the lake shoreline and one of the numerous small inlet channels on June 29, 2010 on the northern shoreline view to the east (C) An aerial view of the outlet channel with floatplane identified in (B) view to the northeast.	Comment by mary edwards: Can’t really see this on B.  Can there be an arrow or similar? 

The nearest instrumental climate data for a comparable elevation to Burial Lake is are from Ivotuk Pass (581 m a.s.l), located 136 km to the east of Burial Lake (Fig. 1; 2014-2020; National Oceanic and Atmospheric Administation GHCND Network station USW00026564). Mean Annual Precipitation (MAP) for the period of record is 291 mm, with a most rainfall majority (63%) during May, June, July and August, when average temperatures are >0˚C (Fig. 2). The lake is ice covered for the other eight months of the year (Finkenbinder et al., 2018). The average difference between January and July temperatures is ~33˚C (MAAT = -7.5˚C). Thornthwaite estimates of annual evaporation in northern and interior Alaska range between 300 and 550 mm/yr,  leading to persistent growing season moisture deficits (Anderson et al., 2018; Jepsen et al., 2012; MacDonald et al., 2017). Snowfall can occur in all months, with snow typically accumulating by October. Landsat snow persistence maps indicate a median snow-free date for the region between May 21-31, with a range of 15 to 20 days (Macander et al., 2015). Snow water equivalent (SWE) estimates are ~127 mm (ranging from 50 to 250 mm) from the nearest automatic telemetry snow depth station (Kelly Station, 67.93˚N, 162.28˚W, 93 m a.s.l, 1991-1995 and 2012-2020; U.S. Dept. of Agriculture National Resource Conservation Service SNOTEL).
[image: ]
Figure 2. Burial Lake climate and isotope hydrology: (A) average Online Isotopes in Precipitation Calculator (OIPC; Bowen et al., 2005) monthly precipitation amount weighted 18O (red diamonds) and d-excess (green boxes, note reversed scale; d-excess = D-18O*8). The annual precipitation amount weighted 18O value is -18‰ (horizontal red line). (B) Ivotuk Pass meteorological summary (2014-2020), showing the monthly average surface temperature (black line) and precipitation. Months that are dominated by rain are shaded in green and months dominated by snow are shaded blue. The yellow area represents May – Sep, characterized by temperatures typically >0˚C.

Estimates of precipitation isotope values at the Burial Lake location were obtained from the Online Isotopes in Precipitation Calculator (OIPC; Fig. 2; Bowen et al., 2005). OIPC values are interpolated from Global Network of Isotopes in Precipitation (GNIP) stations, the nearest to Burial Lake being on the Arctic coast at Barrow, where an event-based collection by Putman et al. (2017) also exists. OIPC monthly amount-weighted 18O value estimates for the Burial Lake location, range between -25 and -12‰, with a mean annual average value of -18.3‰. Estimates of stream water 18O values of -21.7‰ at the Burial Lake location are based on spatial interpolation across Alaska (Lachniet et al., 2016). 
The upper NRB is difficult to regularly access and little is measured or known about the watershed’s isotope hydrology. In 1997, water samples from five lakes located within the NRB (were collectedvisited by float plane) and were analyzed for 18O and 2H values and that provide a context for this study (Table 1). The cComparison with water isotope data from lakes sampled within the central Brooks Range (Clegg and Hu, 2010; Anderson et al., 2016) and available estimates of precipitation, rivers, and frozen ground helps to develop a context for understanding and interpreting the Burial Lake chironomid-18O values and variations (Fig. 3). Of the five lakes sampled in the NRB, Burial Lake has the lowest 18O value of -16.8‰, which reflects its open hydrology and the reduced evaporative effect on 18O values by in comparison with closed lakes. The NRB lake waters define an evaporation line (NRB-EL) with a slope of 6.22 (R2=0.96, p-value = 0.0398). Within the 95% confidence limits of the regression, slopes range between 4.4 to 8.0 (Fig. 3). If lower slopes between 6 and 5 are realistic, then the NRB-EL intercept would fall near the OIPC annual average of -18.6‰.  As, and comparison with NRB lake water values of lie between -17 to -10‰, thuis would indicate indicates as much as ~10‰ in lake water evaporative enrichment. If higher slopes (between 6 and 9) account for the trends, forming a line nearly parallel to the GMWL or a local MWL, then higher lake water values could suggest a summer rainfall effect. However, this second scenario is unlikely for lakes with negative deuterium excess values (d-excess = D-18O*8; Table 1), which indicates the effects of kinetic fractionation during evaporation (Leng and Marshall, 2004; Anderson et al., 2016).	Comment by mary edwards: Clarify if Burial is one of the five?	Comment by mary edwards: Clarify comparison of what, these 5 samples with the BR?
	Comment by mary edwards: Of values for..?	Comment by mary edwards: Are we still looking at the 5-lake data. So THE higher values in the NRB dataset could reflect summer…. And what do the lower ones reflect?  What is the intercept for the steeper line? 	Comment by mary edwards: Does the average reader know what this effect is? 	Comment by mary edwards: Is this what these lakes have?	Comment by mary edwards: So this also supports the notion that evaporation is  happening? 

I think this still needs a little more clarity.  Has to be explained in enough detail for non-expert, even if it takes more space. Happy to look at the para again.

Table 1. Noatak River Basin lake water isotope data


	Site
	Date
	Latitude (˚N)
	Longitude (˚W)
	Elevation (m)
	18O
(‰
VSMOW)
	2H
(‰
VSMOW)
	d-excess

	
	
	
	
	
	
	
	

	Burial Lake
	06/29/2010
	68.434
	159.174
	460
	-17.6
	-134.0
	6.80

	“
	08/31/1997
	“
	“
	“
	-16.8
	-135.6
	-1.20

	
	
	
	
	
	
	
	

	Nanielik Creek Lake
	08/31/1997
	67.938
	158.794
	454
	-10.3
	-90.2
	-7.58

	Akilyik Lake
	08/31/1997
	67.242
	157.633
	54
	-14.5
	-119.1
	-3.46

	Amber Lake
	08/31/1997
	67.283
	156.233
	288
	-12.8
	-113.8
	-11.59

	Anisak Lake
	08/31/1997
	68.185
	159.017
	23
	-16.8
	-136.5
	-1.83

	
	
	
	
	
	
	
	



The differences between the Burial Lake August 1997 and June 2010 water sample suggests a susceptibility to evaporation that may be related to seasonal timing, with higher lake water evaporative enrichment as the ice-free season progresses. The August sample has a lower 2H relative to 18O, which results in a negative d-excess value of -1.2‰. In contrast, the June 2010 sample, that which was collected soon after ice-out, has a positive d-excess value of 6.8. It and falls on the GMWL slightly higher than average annual OIPC 18O estimates, suggesting a rainfall signature with no evaporative effects. In contrast, aAll of the other NRB lakes are clearly evaporatively enriched, based on their negative d-excess values, but all of the samples were obtained in late August. It is clear that addAdditional NRB lake samples will beare needed to satisfactorily address these ambiguities satisfactorily.  , but wWe note that an evaporation line derived from a larger collection of lakes distributed throughout the Central Brooks Range has a slope = 5.9 (R2 = 0.91 (n=69 data from Clegg et al., 2010 and Anderson et al., 2016) and that the climatology of the central and western Brooks Range is similar. The fact that NRB lake d-excess plot on the evaporatively enriched side of the broader regional spectrum of lake isotope hydrology indicates that if Burial lake were to be hydrologically closed, it would certainly be evaporatively enriched (Fig. 2B).	Comment by mary edwards: ?
At a point that is slightly higher than the -18.3‰ anjual average (see above)     ??	Comment by mary edwards: Is this really ambiguous though?   All the August samples show evaporative enrichment but the June one doesn’t.  So that actually seems like there is a hypothesis that the d-excess values will get lower/negative as the summer progresses due to a build up of evaporation days.	Comment by mary edwards: I wonder if this would fit better on line 212?  It seems to veer away from the current point. 
[image: ]
Figure 3. (A) Regional Isotope hydrology for the Noatak River Basin (NRB) shown in a 2H-18O plot, with the Global Meteoric Water Line (GMWL). Noatak River Basin lakes form a NRB Evaporation Line (NRB-EL) shown with 95% confidence limits (dashed lines) and includes Burial Lake samples (red circles) that are near the value of annual OIPC precipitation (light blue circle) and are higher than the estimated values for rivers and streams (purple circle; Lachniet et al., 2016). Overlain on the GMWL are the range of OIPC monthly precipitation values (light blue) and the late Pleistocene Barrow ice wedge values (dark blue;) ( Meyer et al., 2010). (B) The 18O and d-excess values of NRB and Brooks Range lakes (Anderson et al., 2016; Clegg and Hu, 2010).	Comment by mary edwards: Can line be stronger?   Bit hard to see.

The 18O value of the intersection between the local evaporation line (LEL) and the GMWL is commonly used to approximate the 18O value of mean annual precipitation and to identify the starting isotope composition prior to evolution along the LEL. While this method has been successfully tested in non-permafrost environments, there are uncertainties in permafrost regions because of the potential role that ground ice and thaw may play in sub-surface and surface hydrology. For example, unusually low LEL-GMWL intercept values, such as those that may be illustrated by the NRB lake data, have been previously determined in discontinuous permafrost regions with isotopically depleted water sources such as snowmelt, permafrost and ground ice thaw and active thermokarst (Anderson et al., 2013, Anderson et al., 2018; Gibson et al., 2019). However, it is also possible that precipitation values appear enriched compared to intercept values because snowfall may beis underrepresented by the meteorological records used to amount weight OIPC estimates. This is a common problem with Arctic precipitation collections and could result in an exaggerated rainfall bias to the precipitation data. Additional environmental and meteoric water isotope collections from the NRB and Burial Lake in addition to improved climatic data are needed. These Current limitations hinder confident estimations of evaporation-to-inflow ratio (E/I; Gibson et al., 2016) but they do not alter the conclusion that Burial Lake has hydrologic and isotopic sensitivity to P-E (Abbott et al., 2010). 	Comment by mary edwards: Might be good to give a number here as an exxample	Comment by mary edwards: Is this a different source than ground ice or permafrost?	Comment by mary edwards: Precipitation data being overly biased toward rainfall?	Comment by mary edwards: I suggest omit, already said above, or omit above
There remain significant uncertainties about Burial Lake water residence times, changes in average annual precipitation 18O values and the role of permafrost in the watershed subsurface hydrology. It should also be noted that tThe influence of wind on the modern and paleo extent of NRB lake evaporative enrichment is an important mechanism that is also currently not well characterized for northern Alaska. Studies of lakes inIn other Arctic and Antarctic regions, lakes that are subject to katabatic winds have been shown to undergo extensive evaporative enrichment (Kopec et al., 2018). In eastern Beringia during the full glacial, modeling studies indicate a vastwidespread katabatic wind fields during full LGM extent of the when the Laurentide Ice Sheet was at its full extent (Bartlein et al., 2015),  which conceivably had significant influence on Burial Lake.  (Bartlein et al., 2015) and are also considered here. 
Although many ambiguities continue to exist forWhile acknowledging that t this remote region that has only beenis  sparsely sampled, the available data nevertheless supports the conclusions that in the upper NRB precipitation amounts are low and that evaporation and evapotranspiration are relatively high compared to itin comparison. Though Burial Lake has a small surface outflow today, this does not preclude significant water loss through evaporation, and thus a seasonal susceptibity to evaporative enrichment. For periods when lake levels were well below the elevation of the surface outflow elevation and closed to outflowthe lake thus a closed basin,, the available data clearly indicate that it would evaporatively enrich. 

Methods
Near- surface lake water samples were taken in 30 ml HDLP Nalgene bottles and sealed with no head -space. Water samples were prepared for analysis to produce 18O and 2H values by constant temperature equilibration with CO2 and automated H/D preparation by chromium reduction coupled to a Europa 20/20 isotope ratio mass spectrometer at the University of Minnesota Stable Isotope Laboratory. Stable water oxygen and hydrogen isotope ratios are reported in delta () notation in per mil (‰) relative to the international standard Vienna Standard Mean Ocean Water (VSMOW) where 18OH2O = ([18O/16O]H2O / [18O/16O]SMOW) – 1 and 2HH2O = ([2H/1H]H2O / [2H/1H]SMOW) – 1. Analytical uncertainties are within 0.1‰ and 0.5‰ for oxygen and hydrogen isotopes, respectively. Analyses of random replicate samples fell within the range of the analytical error. 
The Burial Lake sediment core (Core C-98; Abbott et al. 2010) was sampled at ~5 cm increments, corresponding to a temporal resolution of ~330 years, for a total of 52 discontinous non-contiguous samples. Each sample encompassed 2 cm of core length, and contained approximately 5 g of sediment. A gap in the chironomid data occurs between depths of 295 and 372 cm. Within this the core interval interval between 295 and 372 cm, the core sediments contain high concentrations of sand and gravel, low organic content, and very low pollen concentrations, and no retrievable chironomids. which Abbott et al. (2010) interpreted this as reflecting subaerial exposure and shallow- water environments during the lowstand(s) whichthat hindered accumulation and/or preservation of organic remains, and that which created an unconformity some time before ~23 cal ka BP.  	Comment by mary edwards: Give core length?
Chironomid head capsules were manually separated from the sediment samples and cleaned using deionized water, following previously established techniques (Wang et al., 2008; Wooller et al., 2004; 2008; 2012).  Approximately 100 g of chironomid head capsules (150-250 individual head capsules) were prepared for isotopic analyses, which were conducted at the Alaska Stable Isotope Facility (ASIF). A Thermal Conversion Elemental Analyzer (TC/EA) attached via a Conflo III to a Thermo Delta V Plus IRMS was used to determine the 18O values of the chironomid remains (18Ochiron. values). No replicates were measured, as there were insufficient numbers of chironomids per sample volume to conduct duplicate or triplicate analyses. However, multiple (n=10) analyses of a standard (benzoic acid, Fisher Scientific, Lot No 947459) conducted during the run of samples showed analytical precision of  0.6‰, expressed as one standard deviation from the mean. A suite of international standards (NBS-1, NBS-18, NBS-19) were analyzed with each run of chironomid head capsules (measured vs. expected r2 = 0.99) to allow the calibration of the data relative to VSMOW. 
The 18Ochiron. values were converted to the 18O values of lake water using the relationship derived by van Hardenbroek et al. (2018):; 18Ochiron. = 0.89 * 18Olake water + 22.5‰). This equation is based on a comparison of lake water and chironomid 18O values from a geographically and climatically diverse suite of lakes. Data from lakes in Northern Greenland, with lake water 18O values of a similar range as Burial Lake (between -15 and -20‰), have 95% confidence limits of ~1 to 3‰ (Lasher et al., 2017). Ages for  18Ochiron. sample depths above the chironomid data gap were interpolated from the chronology of Abbott et al. (2010) after re-calibrating the radiocarbon ages using the IntCal20 calibration curve (Reimer et al., 2020). Calibrated ages are reported as ‘cal a BP’ or ‘cal ka BP’ (Table 3).	Comment by mary edwards: I don’t quite follow how this relates to the previous…..

Evaporative Isotopic Enrichment of Burial Lake
As discussed above, in its current overflowing state, Burial Lake water appears to be seasonally susceptible to slight enrichment in the heavy stable oxygen and hydrogen isotopes. However, during periods of lower lake level prior to ~11k cal a BP, when the lake was closed to surface outflow, more substantial lake water 18O enrichment would be expected and is indicated by higher chironomid 18O values in the results shown below. The extent of past evaporative 18O enrichment across the Pleistocene – Holocene transition is explored by comparison with available estimates of precipitation 18O, namely, the difference due to evaporative enrichment, referred to hereafter as 18O(‰). While there are substantial uncertainties that currently limit the quantitative precision of our 18O estimates, as further discussed below, the effort serves as a means to propose hypotheses and illustrate the future potential of additional environmental records of water isotopes records.	Comment by mary edwards: I don’t really follow, it needs to say comparison of [what] with available estimates…[from where, exactly]. The clarify does this comparison yield a difference value that reflects evap enrichment?
A compilation of published precipitation 18O estimates spans the LGM through the early Holocene for northwestern Alaska (Table 2). They include ice- wedge 18O values ranging from ~-24 to -27‰ from Fairbanks ,with ages that span 28 and 22k cal a BP during the LGM (Lachniet et al., 2012). Since ice- wedge thermal contraction cracking and snowmelt infilling are generally thought to be related to winter and spring, ice-wedge values are therefore used here cautiously. If they reflect an average winter precipitation value, it may be as much as 4 to 5‰ lower than annual means (Figure 2); and values are adjusted in Table 4 accordingly. 	Comment by mary edwards: To occur in?
From Barrow, an ice- wedge record spans from ~14.5 to 11.5k cal a BP (Meyer et al., 2010), and aoverlapping fossil wood cellulose collection along North Slope river valleys spans from ~13.2 to 8k cal a BP (Gaglioti et al., 2017; Epstein et al., 1995). Barrow ice wedge 18O values at ~14.5k cal a BP are ~-24‰ before rising to peak values of -22‰ by 13.5k cal a BP and subsequentand then declininge from -22 to -27‰ during the YD, which is similar to Greenland ice- core datas (Steffensen et al., 2018). There is a similar YD decline of 4-5‰ by in the fossil wood cellulose (Gaglioti et al., 2017), but due to uncertain evaporation effects it is difficult to confidently convert these values to a range of meteoric estimates with any confidence. However, if YD values were as low as -25 to -27‰, then the subsequent rise of 5-6‰ by the fossil willow into the early Holocene could suggest meteoric values near -20‰.  , whichThis estimate is corroborated by peat cellulose values from Horse Trail Fen, located on the Kenai Peninsula in a record that begins at ~12k cal a BP (Jones et al., 2019). There is substantial uncertainty around our estimates based on tTemporally overlapping yet geographically distant proxies with differing sensitivities contribute substantial uncertainty around our estimates. y. However, tYheir use here to propose 18O values is, however,  justified by a consensus in trends and per mil variations that is further supported by 1) Greenland ice core per mil variations and 2) modeling of northern hemisphere precipitation 18O values across the Pleistocene to Holocene transition (Jasecho et al., 2015; Caley et al., 2014; Werner et al., 2016). 	Comment by mary edwards: What fossil willow?  If Gaglioti, mention above eg line 348 collection (mainly Salix)	Comment by mary edwards: Is the consensus what is discussed above, and this is then further supported by Greenland etc ??  OR is the consensus something new and derived from Greenland etc?


Table 2. Summary of Burial Lake environmental, paleoclimate, and water isotope trends across key time periods. YD = Younger-Dryas, BA = Bölling Alleröd, LGM = Last Glacial Maximum, cal a BP = thousands of calibrated years before present. Deeper shades of blue (-) and red (+) indicates that the factor caused increased depletion or enrichment in 18O, respectively.

	Time 
(cal a BP)
	Early Holocene
8k to 11k
	YD
11.7k to 12.9k 
	BA
12.9k to 15k

	LGM
16k to 20k

	Burial Environment 
	
	
	
	

	Temperature and seasonality1
	Warm summer cold winter
	Warm summer, very cold winter
	Warming summer
cold winter
	Cool summer
very cold winter

	Precipitation and winds2
	Near modern 
	dry 
windy
	wet
less wind
	Very dry 
windy

	North Pacific SSTs3
	Warming, near modern
	cold
	warm
	Very cold

	Bering Sea Ice4
	Less than modern
	Expanded
	Reduced
	Maximum

	Alaskan Alpine Glaciers5
	Absent
	Minor advance
	Rapid recession
	Extensive

	Ice Sheets and sea level6
	Near full retreat
-50 m and rising
BLB submerged
	Pause or readvance
-75 m rising
	Retreat
-100 m rising
	Maximum
-120 m

	Vegetation7
	Betula Alnus minor Picea, widespread paludification
	Betula Alnus tundra, early thaw lake and peatland initiation maxima
	Salix shrub tundra, early peatland initiation after 15k cal a BP
	Herb tundra

	Water Isotope Controls
		Comment by mary edwards: Not sure what the arrows mean
	
	
	

	July temperature1
	9 - 10˚C
	9 – 10.5˚C
	7 to 10˚C 
	6 to 7˚C

	Moisture (P – E)7
	Near modern
	dry
	very dry
	Extremely dry

	Precipitation seasonality
	Rain > snow
	Increased snow relative to rain?
	Increased rain relative to snow?
	?

	Vapor source and transport distance8
	N. Pacific distal & proximal
	N. Pacific
Distal
	N. Pacific distal and proximal
	Continental Katabatic S-SE flow

	Burial Lake level, ice-free season, and throughflow hydrology7
	Rise to overflow elevation, extended ice-free season 

open 
	Intermediate levels, short ice-free season 


closed
	Rise to variable intermediate or near overflow levels, longer ice-free season
closed
	Shallow, turbid, short ice-free season


closed

	
Effects on Burial Lake 18O
	
	
	
	

	Temperature
	+
	-
	+
	-

	PAmount
	+
	-
	+
	-

	PSeasonality
	+
	-
	+
	-

	Source/Transport
	+
	-
	+
	-

	Residence time
	-
	+
	+
	+

	Avg. lake-18O
	-18.5‰ 
	-12‰
	-12‰
	-16.5‰ 


1Kurek et al. (2009), Kaufman et al. (2010), Kokorowski et al. (2008)
2Finkenbinder et al. (2015), Mann et al. (2001) and (2002), Dorfman et al. (2015). 
3Praetorius et al. (2020)
4Pelto et al. (2018), Méheust et al. (2018)
5Briner and Kaufman (2008), Young et al. (2019)
6Clark et al. (2009)
7Abbott et al. (2010), Walter-Anthony et al. (2014), Brigham-Grette (2001).
8Meyer et al. (2010), Gaglioti et al. (2017), Caley et al. (2014)

Results
Utilizing the empirical relationship between chironomid 18O  and lake water 18O by from van Hardenbrook et al. (2018), the range of inferred lake water 18O values from the full chironomid record is between  -10.2 to -21‰ (Table 3 and Fig. 3), which falls on the isotopically heavier end of the range of modern lake water 18O values in the NRB and Brooks Range (Fig. 2). This, and further indicates the influence of evaporation throughout the history of Burial Lake’s history. While the prominent millennial-scale shifts of the record clearly exceed the 1 to 3‰ uncertainty of the chironomid-water 18O calibration model (van Hardenbroek et al., 2018), much of the higher frequency variability falls within this range (Fig. 4). Below a hiatus in the core that revised ages place between ~34 and 38k cal a BP, inferred lake water 18O values range between -12 and -18‰, which suggests meaningful variation around a mean of -15‰ during MIS-3. Moving upcore aAbove the hiatus, between ~20 to 16k cal a BP, values remained relatively low, with an average of -17.6‰. Between ~16 and 14k cal a BP, through the Bølling-Allerod (BA) transition, they  roseprior to a rise to between ~16 and 14k cal a BP  to an average of -12.6 ‰ through the Bølling-Allerod (BA) transition. During the BA and across the Younger Dryas (YD), between 14 and 11.5k cal a BP, values remained near -12‰. A rapid decline by ~4‰ occurred between ~11 and 10k cal a BP. Average early and middle Holocene values were the lowest of the record (-19‰ ). After ~3.5k cal a BP, average values rose to near modern (-17‰). 	Comment by mary edwards: A range large enough to suggest….?
A surface sediment sample with a thickness of 0.5-cm obtained from Burial Lake in 2010 provided an inferred water isotope composition of -13.6‰, which is between 3.2 and 4‰ higher than measured lake water values from 2010 and 1997, respectively. Although this difference could possibly reflect dis-equilibrium between chironomid and lake water isotope values, it more likely reflects the poor comparison between a single water sample and time-integrated sediment results. Proxy measurements from surface sediment samples integrate lake water values for significantly longer periods of time than single water collections of water. In this case, based on 210Pb measurements, the surface sample likely incorporates the decades between 1980 and 2010, based on 210Pb measurements, which for much of northern and interior Alaska, was a long-term period of warming and drying conditions (Wendler et al., 2012; Anderson et al., 2013; Arp et al., 2013; Walsh et al., 2017; Anderson et al., 2018). While warmer and drier conditions may possibly account for the higher chironomid-inferred lake water 18O values we cannot exclude the possibility that the range of lake water 18O values may vary considerably more than the two lake water values that were obtained. The highly resistant nature of chironomid chitin to degradation excludes diagenetic effects to explain the differences with the down core data. Redepositional effects are also highly unlikely based on the clear structures observed within the core sedimentology and by the pollen and July T chiron data (Abbott et al., 2010). It will require additional analyses from Burial Lake water and the upper sections of the sediment record to more clearly determine the relationship between the 18O values of modern lake water and corresponding chironomid surface sediment values.
[image: ]
Figure 4. Burial Lake chironimid and inferred lake water 18O values using the relationship presented by van Hardenbroek et al. (2018). Dashed lines represent the mean 18O values for designated time periods. Open square = mean annual OIPC precipitation with 1 std, open diamonds = measured lake water with 1 std).

Table 3. Burial Lake fossil chironomid 18O values and inferred lake water values.
	Core Depth
(cm)
	Age
(cal a BP)1
	18OChironomid
(‰ VSMOW)2
	18OLake Water 
(‰ VSMOW)3

	
	
	
	

	0 – 0.5
	-55
	10.4
	-13.6

	18
	1576
	7.22
	-17.17

	24
	2083
	6.07
	-18.46

	29
	2495
	5.44
	-19.17

	35
	2980
	4.10
	-20.67

	42
	3531
	4.22
	-20.54

	47
	3916
	3.77
	-21.04

	55
	4517
	5.42
	-19.19

	61
	4956
	4.75
	-19.94

	67
	5386
	5.76
	-18.81

	73
	5807
	5.13
	-19.52

	79
	6219
	4.41
	-20.33

	85
	6624
	4.75
	-19.94

	90
	6955
	3.93
	-20.87

	96
	7346
	5.36
	-19.26

	108
	8109
	6.71
	-17.74

	127
	9271
	7.19
	-17.20

	134
	9687
	6.30
	-18.20

	140
	10040
	6.40
	-18.09

	146
	10389
	7.22
	-17.17

	153
	10793
	7.40
	-16.97

	159
	11136
	11.77
	-12.06

	166
	11534
	11.52
	-12.34

	173
	11930
	12.14
	-11.64

	179
	12269
	10.72
	-13.24

	185
	12607
	9.59
	-14.51

	191
	12945
	13.45
	-10.17

	206
	13793
	10.68
	-13.28

	212
	14134
	10.22
	-13.80

	219
	14535
	11.79
	-12.03

	228
	15056
	11.52
	-12.34

	235
	15465
	9.42
	-14.70

	242
	15880
	8.70
	-15.51

	248
	16240
	6.64
	-17.82

	255
	16667
	9.11
	-15.04

	262
	17100
	6.16
	-18.36

	268.5
	17509
	7.36
	-17.01

	271
	17926
	7.10
	-17.30

	281
	18317
	6.51
	-17.97

	288
	18783
	6.55
	-17.92

	295
	19259
	7.50
	-16.85

	372
	MIS 3
	9.7
	-14.38

	379
	“
	7.32
	-17.06

	385
	“
	9.33
	-14.80

	404
	“
	6.94
	-17.48

	410
	“
	9.86
	-14.20

	417.75
	“
	8.54
	-15.69

	425
	“
	9.79
	-14.28

	431
	“
	8.94
	-15.24

	437.5
	“
	9.64
	-14.45

	443
	“
	11.96
	-11.84

	449.25
	“
	9.42
	-14.70

	
	
	
	


1Abbott et al., 2010
2Analytical precision of 0.6‰
3van Hardenbroek et al. (2018) 18Ochironomid = 0.89 * 18Olake water + 22.5‰

Discussion
The Burial Lake chironomid-inferred lake water 18O record (Figure 4, Table 2) reflects variations in lake hydrology and regional hydroclimate, and provides a unique lens for examining the response to paleoclimatic and environmental change in eastern Beringia during the late Pleistocene to early Holocene transition. These changes occurred as deglaciation impacted sea-level, continentality, sea-ice extent, and Pacific-Arctic Ocean connectivity, along with hemispheric-scale changes in atmospheric circulation and insolation-driven warming. First, we discount temperature alone as the dominant isotopic controls of theon chironomids by temperature alone oras well as changes in chironomid feeding ecology. Second, we present a case for changes in Burial Lake water 18O in response to multiple controls that incorporate moisture balance, atmospheric circulation, and environmental change. 	Comment by mary edwards: Clarify response of what?  	Comment by mary edwards: As a response to?
The large magnitude of overall variability in the 18O values from Burial Lake sediments cannot be accounted for purely in terms of temperature change. Following either the classic relation by of Dansgaard (0.7‰ per ˚C; 1964) or more recent relations determined for Alaska (0.34‰ per ˚C; Klein et al., 2016; Bailey et al., 2019), the overall 9‰ range of the chironomid isotope record would predict unrealistic air temperature changes between 15 and 30ºC. Furthermore, the ~4‰ decrease in 18O values after the opening of the Bering Strait would require an ~8ºC temperature decline, which is inconsistent with what is known of early Holocene warming (Bartlein et al., 2015; Wooller et al., 2018) and contrary to the Burial July Tchiron record (Kurek et al., 2009). It is more likely that a combination of factors in addition to temperature contributed to shifts in meteoric water values. For example, a shift in meteoric values of -4 to -5‰ during the YD in Alaska is attributed to changes in source vapor isotope compositions related to sea surface temperatures, vapor transport distances controlled by sea ice extent, flooding of the Bering Land Bridge, and changes in the strength and position of the Aleutian Low (Epstein, 1995; Gaglioti et al., 2017; Meyer et al., 2010). 
The changes in 18O values from the Burial Lake sediment record also cannot be explained in terms of changes in the feeding ecology of chironomids over time. Firstly, as previously described, the dominant influence on chironomid-18O values has been shown to be the 18O values of the water in which chironomids live (Wooller et al., 2004; Wang et al., 2009; Verbruggen et al., 2011, Soto et al., 2013). Secondly, if there were a relationship with chironomid diets, then the 13Cchiron. values (see supplemental data), which are a proxy for diet (Wooller et al., 2012a), would be expected to correlate significantly correlate with the changes in 18O values—but they and they do not (r = 0.25; p-value = 0.32). Lastly, there is no correspondence between the documented changes in chironomid taxonomy over time at the site relative to the trend in 18Ochiron. values. Thus, the most parsimonious explanation for changes in the 18Ochiron. values is that lake water 18O values inhabited by the chironomids changed over time. 
The most likely explanation for higher lake water 18O values during periods when the lake was closed to surface outflow is greater influence of evaporative enrichment. During the full glacial period, the lake- level reconstruction indicates that above the hiatus in the C-98 core, between 18 and 20.5k cal a BP, the basin was a shallow, low- productivity terminal pond closed to surface outflow. Vegetation and July-Tchiron reflect cool temperatures, and precipitation was low. While ice cover likely reduced the seasonal duration of open water duration, evaporation may have been promoted by frequent and strong winds (Kopec et al., 2018; Dorfman et al., 2015; Mann et al., 2002). Through the deglacial interval aand the early Holocene, lake levels rose and rates of within-lake biological productivity increased, along with the development of more mesic vegetation (Abbott et al., 2010). Finkenbinder et al. (2015) suggested that lake levels remained below overflow level, at least seasonally, until sometime after  ~9,000 cal a BP, but although the precise timing of the transition to continuously overflowing conditions was not well defined. We propose that under closed conditions, extended lake water residence times and evaporation effects led to lake water 18O values higher than meteoric values (+18O), which in turn enhanced the sensitivity of the lake’s hydrologic budget to the effects of changes in precipitation, temperature and evapotranspiration across the watershed (Edwards et al., 1996, Barber and Finney, 2000). 

Table 4. Burial Lake proxy data and evaporative enrichment for simplified time intervals 
	Time
( cal ka BP)
	Lake level
(% modern) 1
	Burial Lake 18O
(‰ VSMOW)
	Meteoric
18O
(‰ VSMOW) 
	Evaporative enrichment
18O
(‰ VSMOW)3
	Meteoric 18O data source

	
	
	
	
	
	

	20
	50
	-17
	-23 to -202
	3 to 6
	Fairbanks ice wedge4

	17

	55
	-17
	-202

	3
	Barrow ice wedge5

	14

	75
	-12
	-182

	6
	Barrow ice wedge5

	12

	70
	-13
	-232

	10
	Barrow ice wedge5
fossil willows6

	10
	100
	-17

	-20
	3
	Horse Trail Fen7

	0
	100
	-16.8
	-18.7
	1-2
	OIPC8

	
	
	
	
	
	


1Finkenbinder et al., 2015 and Abbott et al., 2010
2Adjusted by +4‰ for potential ice-wedge winter bias
18O = avg.lake 18O – avg. meteoric 18O
4Lachniet et al. (2012)
5Meyer et al. (2010)
6Gaglioti et al. (2017)
7Jones et al. (2019)
8Bowen et al. (2013); Bowen and Revenaugh (2005)

Below, weWe next discuss the record from Burial Lake and these processes in relation to late Quaternary environmental changes, according to key time intervals in the paleoclimate history of eastern Beringia: Marine Isotope Stage 3 (MIS-3), the LGM including Heinrich Stadial 1 (HS1) from ~20 to 16k cal a BP; the Bølling Allerod transition from ~15 to 12.9k cal a BP, the YD and the opening of the Bering Strait from 12.9 to 11k cal a BP, and the Holocene (<11k cal a BP).
[image: ]
Figure 5. Burial Lake paleohydrologic data (Table 2): lake level (% of modern, Finkenbinder et al., 2015), chironomid inferred lake water 18O (‰VSMOW, this study), estimates of precipitation 18O (‰ VSMOW) and lake water evaporative enrichment (18O in ‰ VSMOW, this study) with high and low estimates at 20k cal a BP, and Burial Lake chironomid inferred July temperatures (Kurek et al., 2009). The lake level rise from at least seasonally closed to an open, thoughflowing hydrology occurred between 11 and 10.5k cal a BP.

Marine Isotope Stage 3 (MIS-3, ~39 to 34k cal a BP)
	During the mid-Wisconsin interstadial, the sedimentology of the Burial Lake basin indicates the presence of a terminal, closed lake basin, suggesting relatively low precipitation amounts and/or relatively higher evaporation. With no information on meteoric isotope background to evaluate the isotopic effects of moisture source, some portion of the relatively high average lake water 18O values of -14.9‰ can provisionally be attributed to evaporation of lake water during a period of moderately warmer temperatures (Pavlova and Pitulko, 2020). Warmer growing season temperatures at Burial Lake may also account for more woody vegetation in the catchment compared to the LGM (Abbott et al., 2010). High evaporation effects are also supported by evidence for aeolian activity based on distinct magnetic signatures from wind-blown sources (Dorfman et al., 2015). The 6‰ range of variations in the lake water 18O values hints at wetter and drier periods within the interstadial that are also suggested in Lake Kokotel (Kostrova et al., 2014) and Siberian permafrost studies (Meyer et al., 2002; Murton et al., 2017) but additional analyses are needed to fully test this interpretation. Overall, the inferred MIS-3 lake water isotope values are consistent with the pollen interpretations of a cold interstadial climate that was slightly wetter and warmer than the LGM (Abbott et al., 2010).	Comment by mary edwards: Is this needed here?	Comment by mary edwards: Cool?

Last glacial maximum and Heinrich Stadial 1 (~20 to 16k cal a BP)
During the LGM and HS1, average Burial Lake water 18O values of -16.5‰ reflect a shallow, hydrologically closed pond and overall moisture deficits. Extended ice cover duration is supported by cold July-TChiron of -4 to -5˚C below modern temperature. It is likely that lower precipitation 18O during this period values reflected the cold atmospheric and cooler sea surface temperatures (SSTs) in the Gulf of Alaska (Preatorius et al., 2020). Consequently, since inferred lake water 18O values of -16.5‰ are higher than meteoric values at that time (Table 4), a 18O value on the order of 3 to 6‰ is proposed. The LGM was globally dry and the predominant circulation in Beringia was off-continent, which severely restricted moisture delivery and precipitation amounts were extremely low. 
Minimal seasonal ice-free periods may have inhibited evaporation to some extent, but significantly windier conditions are indicated at Burial Lake during the LGM (Dorfman et al., 2015) that could account for the proposed evaporative enrichment during the brief periods that the lake was ice-free (Mann et al., 2002; Kopec et al., 2018). LGM atmospheric circulation patterns over Beringia include an upper-level atmospheric flow that split around a blocking anticyclone positioned over the Laurentide Ice Sheet (LIS). This generally guided dry katabatic flow from a southeasterly direction towards northeastern Beringia (Bartlein et al., 2015; Bromwich et al., 2004). During LGM summers, this flow pattern transitioned into a single, consolidated jet stream that migrated northward over the LIS and limited moisture. Aridity would have likely further limited convection. 	Comment by mary edwards: check	Comment by mary edwards: where? Not clear why jet stream limits moisture unless it diverts it from being somewhere else
The seasonal precipitation balance in eastern Beringia during the LGM is unknown but it is difficult to reconcile any other conclusion than that both seasons were more arid than today. If an enhancement of summer aridity tipped the balance towards winter precipitation dominance, then there is the possibility that there was a greater proportion of 18O-depleted source waters from snowmelt to Burial Lake that couldmay have contributed to a higher 18O. Increased snowfall, along with relatively warm moist air during the LGM winter, could be consistent with steering of North Pacific storm tracks by the LIS into Beringia (i.e., meridonal flow; Unterman et al., 2009). Longer vapor transport along meridional stormtracks would also contribute to depleted precipitation. If such an enhancement of seasonally distinct circulation patterns occurred, they could be consistent with a greater proportion of annual precipitation as winter snow relative to summer rain, but these ideas remain to be tested.  	Comment by mary edwards: not in reference list; not sure how the LIS steers storms into Beringia, given arguments above

The Bølling Allerød transition (~15 to 12.9k cal a BP)
The transition across HS-1 into the BA is characterized by rapid increase in North Pacific sea surface temperatures and freshwater fluxes (Praetorius et al., 2020; Royer and Finney, 2020) and gradual shoreline encroachment on the margins of the Bering Land Bridge (Bartlein et al., 2015). Burial Lake’s levels were rising, and indicateindicating a rise in moisture balance. However, lake levels were also likely variable while and at times significantly lower than modern, suggesting periods of lower P-E than today. July-Tchiron. values indicate rapid summer warming to near modern values, which thereby imply a lengthened open water ice-free period. Warming summer temperatures and a longer open  water season are consistent with the rise in lake water 18O values by 4 to 5‰. However, meteoric 18O values were also likely rising at this time.
High- latitude precipitation 18O values were rising during the deglacial (Jasecho et al., 2015; Caley et al., 2014) and Barrow ice-wedge 18O values increased by ~5‰. The increase is attributed to the combined effects of warmer atmospheric temperatures and North Pacific SSTs and reduced Bering Sea ice coverage, which allowed more proximal vapor sources and reduced rainout along shorter vapor transport distances (Praetorius et al., 2020; Méheust et al., 2018; Pelto et al., 2018). The simultaneous increase of similar magnitude in the 18O values of both Burial Lake and meteoric values are proposed tomay have led to either steady or or possibly a slightly  risinge in 18O  (Fig. 5). A rise in evaporation potential with warming temperatures and a longer ice- free season at this time could have been mitigated by rising humidity associated with Bering Sea coastline encroachment that was underway. 
Elevated Salix values between ~16 and 14k cal a BP are typical for pollen records from northwestern Alaska (e.g., Brubaker et al. 2001; Hu et al. 1995; Oswald et al. 1999) and probably indicate a slight increase in P-E that led to enhanced growth of prostrate shrubs already present on that landscape (Bigelow et al. 2003). The same records indicate Betula shrubs expansion by  ~14k cal a BP; this, which expansion is also seen at Burial Lake,  although the dating is less clear than other records. The change , indicatingindicates rising P-E values that became much more favorable to woody taxa (Fig. 6). By this time, the influence of LIS on the jet stream had diminished and winter-season splitting had ceased (Bartlein et al., 2014), likely leading to a more seasonally consistent zonal atmospheric flow and more winter precipitation. 	Comment by mary edwards: see above about how there was no split in LGM bringing precip

The Younger-Dryas and the opening of the Bering Strait from 12.9 to 11k cal a BP	
The Burial Lake chironomid 18O record hints at the possibility of higher variability during the YD period but is insufficiently detailed to clearly identify an unambiguous YD signal. This may change with higher resolution analyses and improved dating. It is clear that Burial Lake levels were still below overflow elevations. While there is evidence of greater aridity during the YD from the North Slope of Alaska (Mann et al., 2002; Gaglioti et al., 2014), there is no evidence for higher frequency lake level fluctuations at Burial Lake (Finkenbinder et al., 2015). Rapid summer warming to near- modern summer temperatures is indicated by T-Julychiron. and makes a compelling argument for enhanced YD seasonality (e.g., continentality) with more severely cold winters and only slightly cooler summers (Kurek et al., 2009). Regional vegetation shifts also suggest aridity that did not necessarily require cold summer temperatures (Ager, 2003; Bigelow and Edwards, 2001).	Comment by mary edwards: The expression of the YD may be muted in the region, ot it may emerge with higher resolution…….	Comment by mary edwards: Not sure how these are connected exactly…….	Comment by mary edwards:  both?  Not syre why continentailty would change	Comment by mary edwards: Vegetation shifts were relatively subtle (e.g., some reduction in woody taxa) and suggest possibly enhanced aridity but not necessarily cold summer…….. 
 The rising trend in precipitation 18O values during the BA transition rapidly reversed with the onset of the YD by ~12.5k cal a (Fig. 5). At that time sharp declines in North Pacific sea surface temperatures and expanded Bering Sea ice extents to near LGM limits extended moisture transport distances to reduce precipitation 18O values by ~4 to 5‰ (Epstein, 1995; Meyer et al., 2010; Gaglioti et al., 2017; Méheust et al., 2018; Pelto et al., 2018). Consequently, as lake 18O values remained at their highest level of the record while precipitation values precipitously declined, and an increase in 18O by ~10‰ suggests a significant increase in evaporation during the YD period. 
Other sStudies of the spatial patterns of the YD in Alaska, and mountain glacier re-advance propose increased Aleutian Low intensity (Meyer et al., 2010; Kokorowski et al., 2008; Young et al., 2019), which may not be clearly registered by proxies at Burial Lake. This could be because the effects are attenuated by the continental location of the site, or shifts in the Aleutian Low position led storm tracks further to the east. Additional analyses at significantly higher resolution will be needed to address questions about Aleutian Low dynamics during the Pleistocene to Holocene transition in northern Alaska.	Comment by mary edwards: Expand on what they show or omit and just cite the author idea about the AL?  Not clear from refs which is what. 

Or omit this paragraph?  It’s not super convincing….

The Holocene (< 11.0k cal a BP)
A prominent feature of the early Holocene, between ~11 and 8k cal a BP, at Burial Lake is warmer-than-modern T-Julychiron. At this time, when ssummer solar insolation was higher than modern, which suggests increasing evaporation potential. However, concurrent rises in Burial Lake levels that to converted the lake to an overflowing headwater source, thereby ending the lake’sits history as a closed terminal basin, also indicate a significant increase in P-E. The lake’s hydrologic shift to an overflowing system is registered by an abrupt decline in lake 18O values by ~-4‰, from ~ -13‰ to -17‰, which more clearly identifies pinpoints the timing of the hydrologic shift to between ~11 and 10.5k cal a BP; it and  is reflected by a proposed decline in18O values to ~1 to 3‰, similar to the modern lake. 
Rapidly changingRapid and widespread environmental changes in Alaska during the early Holocene, are consistent with thea rise in precipitation indicated at Burial Lake. They include rising lake levels in interior Alaska, early expansion of the boreal forest and reductions in peatland initiation and thermokarst activity (Abbott et al., 2000; Anderson et al., 2005; Barber and Finney, 2000; Edwards et al., 2016; Finkenbinder et al., 2014; Gaglioti et al., 2014; Kaufman et al., 2004; Walter-Anthony et al., 2014; Jones et al., 2019; Yu et al., 2008). All ofAll these features the evidence support the rapid transitioning of northern- hemisphere atmospheric circulation patterns and moisture delivery to interior Alaska, during this period related to rising sea levels and strengthening of the AL following the melting retreat of the LIS (Bartlein et al., 2015).	Comment by mary edwards: Evergreen or deciduous?  Is Picea meant here? Need to clarify.
During the middle to late Holocene, Burial Lake water 18O values range between ~-18 and -16‰.  V and variations likely reflect combinations of changes in meteoric 18O values with some influence by of moisture balance. The small overflow channel indicates that minor reductions in lake levels could lead to increased lake water 18O values at seasonal, annual and multi-decadal time scales, as being recorded in the presented Burial Lake isotope dataset. The coarse resolution of the chironomid record prevents a detailed interpretation, yet, it is notable that lower 18O values during the middle Holocene and rising 18O values after ~4k cal a BP roughly correspond with previously documented trends in North Pacific 18Oprecip (Anderson et al., 2001; Clegg and Hu, 2010; Anderson et al., 2018).  	Comment by mary edwards: That is ---  the small size of the channel? Clarify?	Comment by mary edwards: ? fix
The role and mode of the Aleutian Low (AL) has been identified as an important influence on late Holocene 18Oprecip values in the Gulf of Alaska region (Anderson et al., 2007; Fisher et al., 2008; Anderson et al., 2011; Anderson et al., 2016; Osterberg et al., 2017). In its easterly position, the AL corresponds with storm systems with relatively low 18Oprecip values that may cut off winter moisture supply to interior Alaska, whereas a more westerly position aligns with storm tracks with relatively high 18O values that affect interior and western Alaska.  (Mock et al., 1998; Edwards et al., 2001; Putman et al., 2017).  Higher resolution sampling of Burial Lake sediments may be a promising approach for further documenting late Holocene changes in hydroclimate in the northwest Brooks Range.
[image: ]
Figure 6. Summary comparison of Burial Lake core C-98 proxy data: (A) Summer and winter solar insolation at 60˚N (percent of modern; Berger and Loutre, 1991), (B) Eustatic sea level (m; Lambeck et al., 2014) and the opening of the Bering Strait (Jakobssen et al., 2017) (C) Burial Lake Betula and Alnus pollen (percentages; Abbott et al., 2010), (D) Burial Lake July temperatures inferred from chironomid assemblage variations (˚C; Kurek et al., 2009), (E) Burial Lake water 18O inferred from chironomid 18O (‰VSMOW; this study). EH = Early Holocene, YD = Younger Dryas, S1 and S0 = Pacific freshwater discharge ‘Siku’ events (Walczak et al., 2020), LGM = Last Glacial Maximum. 	Comment by mary edwards: Not sure where these are

Broader comparisons and implications 
The results of this study further highlight previous observations that the low Arctic is sensitive to changes in P-E, which had significant impacts on Beringian ecosystem evolution. Changes in vegetation (Edwards et al., 2014) are temporally associated with human occupation and migration (Hoffecker and Elias, 2007) and the demise of megafauna (Guthrie, 2001; Mann et al., 2015). Yet threshold ecosystem responses to changes in paleohydrology remain relatively unexplored, and a better understanding of water cycling is needed. Comparisons between modern collections and paleorecords of environmental water 18O values across Beringia, including precipitation, surface waters such as lakes and rivers, plus frozen ground, allows clarification of the spatial patterns of late-Quaternary hydroclimatic change. The Burial Lake 18O variations help to develop a regional picture of the effects on the Beringian landscape of large-scale changes in moisture, which are a consequence of the interplay of changes in sea level, solar insolation, sea ice extent, temperature, and seasonality.
The Burial Lake isotope record now clearly establishes the timing of near modern hydrology of its watershed during the early Holocene between 11 and 10.5k cal a BP. This was nearly 2000 years following the prominent rapid rise to near-modern temperatures during the BA transition, which the Burial Lake 18O record indicates was an unusual period of complex hydrologic change. A continued rise in moisture balance at Burial Lake after overflowing lake levels is suggested by the rise in Alnus, which is widely interpreted to reflect increased soil moisture (Figure 6; see discussion in Oswald et al. 1999). The implication is then that the largest deglacial rise in precipitation across eastern Beringia was independent of changes in temperature, and points to mechanisms that increased moisture delivery, such as the opening of the Bering Strait and North Pacific atmospheric circulation adjustments, which coincide with faunal assemblage change in eastern Beringia, including mammalian extinctions (Guthrie, 2006; Mann et al., 2015; Mann et al., 2018; Rabanus-Wallace et al., 2017; Wooller et al., 2018). At this time, hydrologic thresholds, not thermal ones, were likely the major driver of ecosystem change in eastern Beringia, including peatland and shrub expansion (Anderson and Brubaker, 1994; Edwards et al. 2005; Kaufman et al., 2016; Jones and Yu, 2010, Jones et al., 2014).	Comment by mary edwards: Establishment? 	Comment by mary edwards: Lake levels reached overflow?
An important general implication of this work is that in high-latitude paleoenvironmental records spanning large temporal climate gradients, the relationship between precipitation, evaporation and temperature with lake water 18O values may be related to lake levels and overall aridity in complicated ways. For example, we have shown that it is possible, during times of extreme aridity and low lake levels,, for lower than modern evaporation and precipitation (due to cold temperatures and short ice-free seasons) to result in relatively low lake water evaporative enrichment. In such cases, lake levels may be low mainly due to reduced precipitation rather than higher evaporation. However, after summer temperatures warmed during the BA, higher evaporation exerted greater control on lake hydrologic balance, including during the YD, when summer temperatures appear to have remained relatively warm. In general, changes in precipitation likely dominated P-E variations during colder early deglacial, but with rapid warming following the BA transition rises in evaporation outpaced rises in precipitation, resulting in the semi-arid regional ecosystem of today. It may follow that if future climate trajectories foster a continued rise in evaporation relative to precipitation with rising temperatures, which also drive permafrost thaw, declines in surface water availability and corresponding effects on vegetation could result.  	Comment by mary edwards: It’s not a semi-arid ecosystem so much as climate? Need to reiterate the waterlogged desert idea?  
This study has utilized the Burial Lake chironomid-inferred water isotope record in combination with independently reconstructed lake levels and July temperatures to highlight the propensity for unusual relations between precipitation and evaporation in eastern Beringia, during a time when multiple climatic influences were changing with rising sea levels. Although the record has several limitations, such as the coarse sampling resolution and dating uncertainty, it adds to the limited number of proxy-based assessments of individual hydroclimatic variables for Beringia. The results provide first- order estimates for broad periods of time and provide numerous testable hypotheses that stand to be improved by further work with hydrologic modeling investigations, such as those for Bayesian proxy systems and coupled atmosphere-land surface-ecosystem simulations. The hypotheses presented here also stand to be significantly refined by improved age control of Burial Lake sediments and future proxy record developments in Beringia that we hope this study helps to stimulate. This study has been accomplished by fully exploiting the combined utility of moisture balance reconstructions by lake levels with lake water isotope constraints. Although standing bodies of water that were sensitive to hydroclimatic change were likely rare in Beringia, these results suggest that a concerted effort to locate and study them will provide additionally valuable insights, particularly those located on the submerged portions of the land bridge.       	Comment by mary edwards: Because of sea levels or along with sea levels? 	Comment by mary edwards: Using?	Comment by mary edwards: Why were?  IS a particular past time being referred to here. Otherwise  are?
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