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Abstract Paleoclimate data provide important information about the character of natural climate
variability. However, records with sufficient length and resolution to resolve high-frequency (decadal-scale)
variability across the Holocene are scarce. We present a 10,800-year reconstruction of spring and summer
temperature at three-year resolution based on biochemical varves from Lake Zabiriskie, Poland. The
reconstruction is based on Ca/Ti ratio, which are significantly correlated with instrumental spring and summer
temperature spanning 240 years. Major climate events of the Holocene period are represented in the
reconstruction, including the Holocene Thermal Maximum, 8.2 ka Event, Medieval Climate Anomaly, and
Little Ice Age. A low-frequency 8,000-year decreasing trend in warm-season temperatures is driven by
declining summer insolation. Temperature variability is highest during the early Holocene, likely related to
warmer and drier conditions. The rate of warming during the past 90 years is extremely unusual, if not
unprecedented for the Holocene, based on our reconstruction.

Plain Language Summary Studying past climate change helps us understand how the climate
system works. One aspect of past climate that is not well understood is how much temperatures changed from
year to year and over decades during warm periods of Earth's history. In this study, we measured chemical
properties of lake sediments from Poland and found that chemical changes were related to spring and summer
temperature changes. We used this data to estimate spring and summer temperatures during the past

10,800 years. Relatively warm summers occurred around 9,000-7,500 years ago, a period known from other
studies to be relatively warm in the northern hemisphere. We also found greater variability in temperatures
during this warm period. Our long record of spring and summer temperatures shows that the warming rate of the
past 90 years is most likely faster than any time during the past 10,800 years, showing that human-caused global
warming is more extreme than natural climate variations.

1. Introduction

The study of temperature variations during the geologic pastis important for understanding the processes that control
climate over a variety of timescales. Temperature variability during the Holocene (11,700 years BP to present) has
been studied intensively, yet major questions remain unresolved. For example, the Holocene Temperature
Conundrum (Kaufman & Broadman, 2023; Liu et al., 2014) refers to the discrepancy in long-term trends between
climate model simulations and proxy data. Models typically show a long-term warming trend toward the present
during the Holocene (Erb et al., 2022; Liu et al., 2009), whereas proxy data suggest that temperatures peaked during
the early-to-mid-Holocene Thermal Maximum (HTM), and subsequently declined (Kaufman, McKay, Routson,
Erb, Ditwyler, et al., 2020; Marcott et al., 2013). The debate surrounding the Holocene Temperature Conundrum
revolves around the seasonal signal of temperature recorded in proxies as well as the regional nature of the HTM
(Bovaetal., 2021; Cartapanis et al., 2022; Erb et al., 2022; Kaufman & Broadman, 2023; Liu et al., 2014).

Interannual- to multidecadal-scale temperature variability remains poorly constrained during the Holocene. In the
Temp12k temperature database (Kaufman, McKay, Routson, Erb, Davis, et al., 2020), only 49 of 1,319 proxy
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records have an average time resolution of 20 years or less. High-resolution records are required to assess the
frequency of extreme events and to characterize amplitudes and trends of natural variability at (sub)decadal
scales. The lack of temperature reconstructions with decadal or better resolution makes it challenging to
compare proxy estimates of high-frequency variability to model simulations (Essell et al., 2023). Given that
summer temperature variability and extremes have increased in Europe in recent decades and are projected to
continue to increase due to anthropogenic climate change (Seneviratne et al., 2006), understanding high-
frequency temperature variability during past warm periods, such as the HTM, is an important paleoclimate
target.

Varved lake sediments are well-suited for capturing high-frequency climate variations because it is possible to
obtain proxy measurements that are seasonally resolved (Brauer et al., 2009; Zolitschka et al., 2015), particularly
through the use of rapid, non-destructive, high-resolution scanning and imaging methods such as micro-X-ray
fluorescence (LXRF) (Bertrand et al., 2023). Quantitative temperature reconstructions with subdecadal resolu-
tion have been produced from varved sediments (e.g., Lapointe et al., 2020; Stewart et al., 2011; Trachsel
et al., 2008); however, Holocene-length reconstructions remain scarce.

Previous work at Lake Zabiriskie, Poland demonstrated links between seasonal meteorologic conditions and the
properties of biochemical varves (Zander, Zarczyr’lski, Tylmann, et al., 2021; Zarczyﬁski et al., 2022). In
particular, calcite precipitation is strongly influenced by air temperatures in the spring and summer. We hy-
pothesize that Ca/Ti (calcium/titanium) ratios (a proxy for endogenic calcite precipitation) can be used to
quantitatively reconstruct warm-season temperatures in the past at Lake Zabiriskie. We use a calibration-in-time
approach (von Gunten et al., 2012) to estimate temperatures at three-year resolution over the past 10,800 years.
The reconstruction provides valuable information about temperature variability at subdecadal to millennial
timescales through the Holocene.

2. Methods
2.1. Study Site

Lake Zabiriskie, Poland (54.1318° N, 21.9836° E; Figure 1) is a post-glacial, eutrophic, hardwater lake that is
deep (44.4 m) compared to its area (0.42 km?). The catchment geology is glacial tills and fluvioglacial deposits
(Szumarnski, 2000). Modern (1991-2020) monthly temperatures range from —2.5°C in January to 18°C in July
(Tomczyk & Bednorz, 2022). Temperatures at this site are representative of the Baltic region and much of central
and eastern Europe (Figure 1a). Limnological and sediment trap monitoring have been conducted regularly since
2012 (Tylmann et al., 2023). Thermal stratification and prolonged periods of anoxic conditions in the hypo-
limnion facilitate the preservation of biochemical varves (Bonk, Tylmann, Amann, et al., 2015; Zarczyﬁski
et al., 2022).

2.2. Chronology

The Lake Zabifiskie sediment chronology is based on previously published varve counts and radiocarbon ages on
terrestrial macrofossils (Bonk, Tylmann, Goslar, et al., 2015; Zander et al., 2020, Zander, Zarczyr’lski, Tylmann,
et al., 2021; Zander, Zarczyﬁski, Vogel, et al., 2021; Zarczyr’lski et al., 2018). The sediments are composed of
carbonate- and organic-rich mud, and varves are preserved in almost the entirety of the 10,800-year record (Figure
S1 in Supporting Information S1). An updated composite stratigraphy and chronology is described in Supporting
Information S1, and a detailed stratigraphic description is in Zander, Zarczyriski, Vogel, et al. (2021). For the most
recent ~2000 years, the chronology is based on varve counting (Bonk, Tylmann, Goslar, et al., 2015; Zander,
Zarczyﬁski, Tylmann, et al., 2021; Zarczyﬁskj etal., 2018). New for this study, the Banded Age Model (Comboul
etal., 2014) was used to calculate an ensemble of age-depth relationships for this upper section, via the R package
geoChronR v1.1 (McKay et al., 2021); this enables the use of geoChronR to explore the effect of age uncertainty
on correlations with instrumental and other proxy data. A mass movement deposit dated to ~2030 cal yr BP
precludes a continuous varve count tied to the surface. For sediments older than this deposit, an age model was
constructed in OxCal v4.3 using a P-sequence (Bronk Ramsey, 2008, 2009; Bronk Ramsey & Lee, 2013). The P-
sequence input includes 66 radiocarbon ages and two segments of floating varve counts (~4,640 and ~600 varves,
respectively).
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Figure 1. Study site. (a) Correlation map of annual air temperature with annual air temperature at Lake Zabiriskie from 1900 to 2015. Map created using KNMI Climate
Explorer (Trouet & Oldenborgh, 2013) with data from NOAA twentieth Century Reanalysis V3 (Compo et al., 2011; Slivinski et al., 2019). (b) Map of the Lake
Zabiriskie catchment (elevation data from Polish Head Office of Geodesy and Cartography). (c) Bathymetric map. (d) Top 9.5 cm of sediments with varve years labeled.

Left shows Ca relative abundance based on pXRF imaging. Right is a scan of a thin section (cross-polarized light).
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2.3. XRF Analysis

XRF elemental data were obtained in three measurement campaigns. Sediments older than 1.97 kyr BP were
scanned at the University of Bern using an ITRAX core scanner (Cox Analytical Systems) with a Cr-tube
(exposure time 20 s, 30 kV, 50 mA); the measurement resolution was 2 mm (Zander, Zarczyr’lski, Vogel,
et al., 2021). Sediments younger than 1.97 kyr BP were scanned at the University of Bremen with an ITRAX
scanner with a Mo-tube (exposure time 10 s, 30 kV, 18 mA); the measurement resolution was 0.2 mm (Bonk
et al., 2016; Zarczyriski et al., 2019). For sediments deposited after 1966 CE, resin-embedded blocks were
scanned with a Bruker M4 Tornado equipped with a Rh tube (exposure time 20 ms/pixel, 20 pm spot size, 50 kv,
300 pA) to produce spatial maps of elemental counts at 0.06 mm resolution (Zander, Zarczyriski, Tylmann,
etal., 2021). We use In(Ca/Ti) as a temperature proxy. By normalizing with Ti, we attempt to isolate the signal of
calcite that precipitates in the water column and correct for catchment-derived Ca. Log-ratios of XRF elemental
ratios have been shown to correlate strongly with elemental concentrations (Bertrand et al., 2023; Weltje &
Tjallingii, 2008). The three XRF data sets were homogenized by scaling In(Ca/Ti) and other common elements
such that overlapping sections of each data set have the same mean and variance after averaging into 3-year bins
(more details in the Supporting Information S1).

2.4. Data Analysis

Data analysis was conducted with R v 4.2.3 (R Core Team, 2022). Proxy and geochronological data were input to
a Linked PaleoData file (LiPD) (McKay & Emile-Geay, 2016) to be operable with geoChronR. Outliers were
identified in the In(Ca/Ti) data by applying a moving window filter of 100 years where values less than
1.5 X IQR — Q1 or greater than 1.5 X IQR — Q3 are considered outliers (IQR = interquartile range; Q1 and Q3 are
first and third quartiles). Outliers were replaced with the threshold used to identify them. A large shift in In(Ca/Ti)
occurs in the eighteenth century due to the development of intensive agriculture in the catchment (Wacnik
et al., 2016) and subsequently higher erosion rates (Bonk et al., 2016) (Figure S4 in Supporting Information S1).
The changepoint package (Killick & Eckley, 2014) was used to find the breakpoint in mean values during the past
2000 years. The resulting breakpoint in 1730 CE is consistent with previous analyses of sedimentological and
geochemical changes in response to human activity at this site (Bonk et al., 2016). To create a data set that can be
used for paleoclimate reconstruction, we homogenized the data set with the assumption that sediment deposited
200 years before and after the breakpoint have the same mean In(Ca/Ti). This assumption implies that despite a
large shift in the mean Ca/Ti values, the change in In(Ca/Ti) per degree °C of temperature change remained
constant. This correction makes interpretation of absolute temperature values prior to 1730 CE uncertain but
preserves high frequency variability in the record.

Age-uncertain correlation analysis was conducted using geoChronR (McKay et al., 2021). We tested the sig-
nificance of a linear correlation between In(Ca/Ti) and spring and summer (March to August; MAMIJJA) tem-
peratures at Warsaw (52.22° N, 21.03° E). Instrumental temperature records from Warsaw begin in 1779 CE
(Lorenc, 2000). Additional data from 2000 to 2019 CE were obtained from the Polish Institute of Meteorology
and Water Management using the climate package (Czernecki et al., 2020). Temperature anomalies were
calculated relative to the period 1850-1900 CE. Proxy and instrumental data were binned into 3-year intervals.
All correlations were calculated using an ensemble of 1,000 age model iterations to calculate a distribution of
correlation statistics. Pearson's r was calculated to determine the strength of linear correlations. P-values were
adjusted to account for autocorrelation using the effective-n method (Dawdy & Matalas, 1964; McKay
etal., 2021) and were adjusted for multiple hypothesis testing using the false discovery rate method (Benjamini &
Hochberg, 1995). To reconstruct temperatures, the In(Ca/Ti) values were scaled to match the mean and variance
of the temperature time series over the instrumental period (1779-2019 CE). Scaling is favored over linear
regression because it matches the variability of the reconstruction to the variability of the instrumental data (Esper
et al., 2005). The scaling calculation was done for each age model ensemble, thereby propagating the uncertainty
derived from age uncertainty through the scaling parameters. The root mean square error of prediction (RMSE)
and reduction of error (RE; Cook et al., 1994) were calculated using a split-period validation approach in which
the data were split in half into a calibration period and validation period; the periods were also switched. The RE
and RMSE were calculated as 90% confidence intervals (CI) based on 1,000 model iterations for each split period.

Bandpass filters were applied to the reconstruction using the signal package (Mersmann et al., 2023). The wavelet
power spectrum was calculated by applying a Morlet wavelet using WaveletComp (Roesch & Schmidbauer, 2018).
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The significance of the wavelet power was assessed by comparing the wavelet spectrum with simulated time series
(n = 1,000) using an autoregressive AR(1) model. A time-averaged periodogram was calculated using the multi-
taper method with the package astrochron (Meyers, 2014).

3. Results and Discussion
3.1. Calibration With Instrumental Data

The correlation between In(Ca/Ti) and instrumental spring/summer (MAMIJJA) temperatures is significant
(p < 0.05) in more than 99% of age model iterations, with r = 0.34-0.55 (90% CI) (Figure 2). Because the varve
count chronology is very precise over the instrumental period, age uncertainty has a minor effect on the slope
observed in the linear regression of the two variables (Figure 2). The cross-validated RMSE is 0.58-1.32°C; RE is
0.00-0.52 (positive values indicate the reconstruction has skill). The significant correlation confirms that the
strong link between warm-season air temperature, epilimnion temperature and calcite precipitation observed in
the modern lake (Zarczyfiski et al., 2022) was persistent since 1779 CE (beginning of the instrumental period),
and we assume this relationship held throughout the Holocene. The close connection between warm-season
temperature and calcite precipitation has been observed in other temperate hard-water lakes (Boyall
et al., 2023; Escoffier et al., 2023; Hodell et al., 1998; Roeser et al., 2021). Typical for climate proxies, non-
climatic factors can affect the proxy; these factors are discussed in detail in the Supporting Information S1.

We further validate the temperature reconstruction by correlation with an independent summer temperature
reconstruction for Europe based on tree rings and historical documents (Luterbacher et al., 2016). We find sig-
nificant correlations using either 30-year bins (r = 0.39-0.45, 98.6% of iterations significant) or three-year bins
(r = 0.21-0.26, 100% significant). The central tendency of the Lake Zabiriskie temperature anomalies and
amplitude of variability are similar to the Luterbacher reconstruction, suggesting the homogenization approach
used to account for the impact of increased erosion due to human activity was reasonable and that temperature-Ca/
Ti relationship followed a similar scaling despite the mean shift at 1730 CE. The homogenization step has no
impact on the calibration statistics or amplitude of variability but does affect the level of temperature anomalies
before 1730 CE.

3.2. Holocene Temperature Evolution

The millennial-scale trend of the Lake Zabiriskie reconstruction agrees with northern hemisphere Holocene
temperature reconstructions; in particular, there is strong agreement with Greenland 8'30 (Figure 3). The early
Holocene is defined by a warming trend as ice sheets retreated and the climate transitioned from a glacial to
interglacial state. Maximal summer warmth occurs during the early Holocene, between 8.5 and 8.1 kyr BP, earlier
than global proxy compilations (Erb et al., 2022; Kaufman, McKay, Routson, Erb, Ditwyler, et al., 2020) and
pollen-based temperature estimates from northern Europe (Herzschuh et al., 2023), which both show the HTM
around 7.5-6.0 kyr BP. However, the lagged response of vegetation equilibrium to climate change during the
early Holocene likely leads to a cold bias in pollen temperature reconstructions (Dallmeyer et al., 2022; Viliranta
et al., 2015). Geochemical proxies and aquatic macrofossils tend to show warmer temperatures during the early
Holocene compared to pollen (Kaufman, McKay, Routson, Erb, Davis, et al., 2020), and marine proxies from the
northern hemisphere also show an early Holocene HTM (Cartapanis et al., 2022). The warmest temperatures of
the HTM are comparable to modern summer temperatures; however, absolute comparisons are possibly hampered
by uncertainty associated with the data homogenization used to correct for anthropogenic erosion impacts to the In
(Ca/Ti) data.

Immediately following peak warmth, a dramatic ~2°C cooling occurs, attributed to the “8.2 kyr event” (Alley
etal., 1997; Thomas et al., 2007). The magnitude of cooling is broadly similar to other proxy estimates of this cold
event from Europe and Greenland (Morrill et al., 2013). The cooling occurs slightly later in our chronology
(Figure S5 in Supporting Information S1) (temperature minimum at 8,110-7,954 cal yr BP, 26) compared to the
GICCO5 Greenland ice core chronology (8,206-8,112 cal yr BP) (Gkinis et al., 2014; Rasmussen et al., 2022).
The age offset is plausible given that this section of core has poorly preserved varves, and the age model relies on
interpolation between radiocarbon ages.

From 7.5 to 4.7 kyr BP spring and summer temperatures were generally warm and stable, coinciding with the
HTM observed in many European paleoecological proxies (Figure 3; Heiri et al., 2015; Herzschuh et al., 2023). A
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long-term cooling trend is observed from 7.5 kyr BP to 1600 CE, likely driven by declining summer insolation in
the northern hemisphere (Laskar et al., 2004). This cooling trend is punctuated by several pronounced fluctuations
after 4.2 kyr BP (Figure 2). Cooling at 4.2 kyr BP is concurrent with a widespread drought/cold period that marks
the Middle-Late Holocene boundary (Walker et al., 2012). However, the 4.2 kyr event is not widely recognized in
central or northern Europe (Bradley & Bakke, 2019; Pleskot et al., 2020; Roland et al., 2014). Cooling at 2.8 kyr
BP is likely caused by the Homeric solar minimum, associated with cool/stormy conditions in western Europe
(Martin-Puertas et al., 2012; Rach et al., 2017) and widespread glacier advances in the Alps (Schimmelpfennig
et al., 2022). Warm periods occur around 2.3 kyr BP, 50400 CE Roman Warm Period (RWP; Ljungqvist, 2010),
and 900-1200 CE Medieval Climate Anomaly (MCA; Mann et al., 2009). The RWP is widely recognized in the
Mediterranean (Margaritelli et al., 2020), and there is also evidence for warmer conditions in Poland during the
RWP (Jach et al., 2017). Cold temperatures are observed during the Little Ice Age (LIA; 1250-1850 CE) as found
throughout Europe (Wanner et al., 2022).

3.3. Warm-Season Temperature Variability and Rates of Change During the Holocene

The continuous wavelet shows the greatest spectral power from 10 to 6.3 kyr BP, and lower spectral power after
6 kyr BP (Figure 4a). Decadal-scale periodicities are significant mainly during 10-6.3 kyr BP and the past
1800 years; the time-averaged multi-taper spectrum confirms that decadal periodicities are significant (Figure S7 in
Supporting Information S1). Bandpass-filtered data show greater decadal to multidecadal variability from 10 to
7 kyr BP and especially high centennial-scale variability around 9-7 kyr BP (Figures 4c and 4d). This interval
overlaps with the thermal maximum (orange bar in Figure 4b), but also includes the 8.2 ka event, which is the largest
centennial-scale temperature swing in the record. Interestingly, enhanced decadal-to centennial-scale variability
begins ~800 years before the onset of that event, and persists for ~500 years after. Running standard deviations (o)
(90-year window) are highest around 10.0-9.4 and 8.2-7.5 kyr BP (Figure 4i), bracketing the temperature peak.
The Lake Zabiriskie record contrasts with that of Diss Mere, UK (Martin-Puertas et al., 2023), which shows
dampened decadal periodicity from 8.5 to 6.7 kyr BP, attributed to changes in North Atlantic circulation. This
discrepancy demonstrates that decadal-scale climate variability is regionally specific. However, this interval was
relatively cool at Diss Mere, and when summer temperatures peaked around 4-5 kyr BP, decadal-scale variability
increased (Martin-Puertas et al., 2023). The Diss Mere record and a high-resolution warm-season temperature
proxy record from Germany (Sirocko et al., 2021) both support the pattern observed at Lake Zabiriskie of greater
decadal to multi-decadal variability of summer temperatures during warm climate phases.

Greater interannual to decadal variability during the HTM could be evidence of land-atmosphere feedbacks
related to soil moisture that have been shown to increase interannual summer temperature variability at higher
temperatures in this region during ongoing climate warming (Schir et al., 2004; Seneviratne et al., 2006). This
effect would have been enhanced by the drier conditions of the early Holocene (Herzschuh et al., 2023), whereas
wetter conditions after ca. 7.5 kyr BP likely reduced warm-season temperature variability through greater soil
moisture (Fischer et al., 2012). Figure 4h shows a modest positive correlation between warm-season temperature
and o, but the greatest variability occurred at moderate temperatures, while the period of warmest temperatures
(8.5-8.1 kyr BP) featured relatively low variability. Thus, the relationship between mean temperature and
temperature variability is not a straightforward linear relationship. An additional mechanism that likely influ-
enced decadal to centennial variability is volcanic activity, which was greater during the early Holocene and
quieted after about 6-5 kyr BP (Figure 3g; Sigl et al., 2022; van Dijk et al., 2024).

To put modern warming rates in the context of the Holocene record, we calculated running 90-year linear trends.
The median reconstructed warming rate during the past 90 years is 0.28°C/decade. The most recent period is the

Figure 2. Results of age-uncertain calibration-in-time using geoChronR (McKay et al., 2021). (a) Crossplot of In(Ca/Ti) proxy data and instrumental spring/summer
(March—August) temperature anomalies (relative to 1850-1900 CE) in Warsaw. (b) Histogram of Pearson's r correlation coefficients across age-model ensembles.
(c) Comparison of instrumental temperatures (red) and Lake Zabiriskie temperature reconstruction (3-year bins for both data sets). Black represents the median age
model. Gray lines show 30 example age model iterations. (d) Lake Zabiriskie temperature reconstruction compared to summer temperature reconstruction for Europe
(light blue; 3-year bins) (Luterbacher et al., 2016). The green line shows the temperature reconstruction without homogenization to account for increased erosion in the
eighteenth century. Other colors are the same as panel (c). (¢) Holocene temperature reconstruction with major climate events labeled. The blue line indicates the median
value for each three-year interval from 1,000 age-model iterations. The black line is the reconstruction plotted on the median age model. Gray shadings indicate 50% and
95% confidence intervals considering age uncertainty. HTM = Holocene Thermal Maximum, HM = Homer Minimum, RWP = Roman Warm Period,

MCA = Medieval Climate Anomaly, LIA = Little Ice Age, MWP = Modern Warm Period.
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Figure 3. Comparison of Lake Zabiriskie temperature reconstruction with relevant paleoclimate data and climate forcings.
(a) Lake Zabiriskie temperature reconstruction. Colors are defined as in Figure 2e. (b) 8'%0 from NGRIP ice core
(Rasmussen et al., 2014). (c) Pollen-based annual temperature reconstruction from Lake Raigastvere, Estonia (Sundqvist
et al., 2014). (d) Pollen-based annual (black) and July (red) temperature reconstruction for 50-60° N latitude in Europe
(Herzschuh et al., 2023). (e) Annual temperature reconstruction for 30-60° N from the Temp12k compilation (Kaufman,
McKay, Routson, Erb, Ditwyler, et al., 2020). (f) Annual temperature reconstruction for Lake Zabiriskie grid point from
Holocene Data Assimilation (Erb et al., 2022). (g) Northern Hemisphere Stratospheric Aerosol Optical Depth (SAOD)
reconstruction from ice cores (Sigl et al., 2022). Plot shows annual sums (gray) and running 200-year sums (blue; scale is
10x the plotted scale). (h) Summer insolation at 65° N (Laskar et al., 2004).
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Figure 4. Holocene warm-season temperature variability and spectral analysis. (a) Continuous wavelet spectrum. Areas of significant periodicities are outlined in black;
gray areas indicate data gaps and associated cones of influence. (b) 1,000-year lowpass-filtered temperature anomaly reconstruction showing multimillennial-scale
trends. (c) 10-100-year bandpass-filtered data (decadal-to centennial-scale variability), (d) 100-200-year bandpass-filtered data (centennial-to multicentennial-scale
variability). (e) 90-year running o of the temperature reconstruction. (f) Temperature trends calculated for rolling 90-year intervals, gray shading indicates 95%
confidence intervals (CI) of age ensemble. (g) Histogram of 90-year temperature trends (same data as F). The median trend of the most recent 90-year period in the
reconstruction is marked by a red line (dashed lines represent 95% CI considering age uncertainty). (h) Cross-plot of temperature and o using running 90-year windows.
p is Spearman's rho and p,,,,, and p,; are p-values without and with correction for autocorrelation, respectively.
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fastest warming of the entire record in 84% of age model iterations and is more extreme than 99.96% of 90-year
periods in the full reconstruction ensemble, representing 4.5-5.4 standard deviations beyond the mean (Figures 4f
and 4g). This result is consistent with previous work comparing modern warming with paleoclimate data spanning
the past 24,000 years (Osman et al., 2021), and has important implications for ecological adaptation to modern
warming.

4. Conclusions

We use a calibration-in-time method to reconstruct spring and summer temperature anomalies in northeastern
Poland based on Ca/Ti ratios, a proxy for endogenic calcite. The 10,800-year reconstruction is unique for its
length and resolution (three years), and provides important insights about high-frequency paleoclimate variability
in this region, while also capturing long-term millennial-scale trends. The HTM occurs early in our record (8.5—
8.1 kyr BP) and warm-season temperatures subsequently decline, indicating a strong influence of summer
insolation. Temperature variability is greatest during the early Holocene, which is likely driven by land-
atmosphere feedback processes, which were enhanced by drier conditions in the early Holocene. Greater vol-
canic activity may have also contributed to increased variability at this time. The rate of temperature change
during the past 90 years at this site is most likely unprecedented in the Holocene.

Data Availability Statement

Data used in this study are archived at the NOAA National Centers for Environmental Information, under the
World Data Service for Paleoclimatology (Zander et al., 2024; https://doi.org/10.25921/tvqz-hz83).
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