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Abstract Tree ring‐based climate reconstructions are fundamental for high‐resolution paleoclimatology,
but only a few of them extend back into the mid‐Holocene (8,200–4,200 years BP). Here, we present annually‐
resolved tree‐ring stable carbon and oxygen isotopes (δ13C and δ18O) from subfossil yew (Taxus baccata) wood
excavated in the Fenland region of eastern England. We develop an eco‐physiological model to reconstruct
hydroclimate variability from 5,224 to 4,813± 4 and 4,612–4,195± 6 cal. years BP. Our findings suggest that a
relative sea‐level rise in the North Sea, riverine flooding, and a prolonged negative phase of the North Atlantic
Oscillation caused unusually wet conditions around 4,200 years ago when yew woodlands in eastern England
disappeared. We expect our study to stimulate high‐resolution stable isotope measurements in relict wood and
encourage the integration of terrestrial and marine proxy archives to reconstruct the causes and consequences of
large‐scale climate variations around the still debated 4.2 ka event.

Plain Language Summary Understanding how the Earth's climate system has varied in the past is
essential to predict future climate changes. In this study, we measured thousands of annually‐resolved tree‐ring
widths and tree‐ring stable isotopes in hundreds of subfossil yew trees excavated by generations of farmers in
the Fenland region of eastern England. The exceptionally well‐preserved wood archive, together with an
innovative methodological approach allowed mid‐Holocene hydroclimate variability to be reconstructed from
circa 5,200–4,200 years ago. Our new paleoclimate record reveals unusually wet conditions around 4,200 years
ago when yew woodlands in eastern England disappeared. Likely driven by a sea‐level rise, riverine flooding,
and a prolonged negative phase of the North Atlantic Oscillation, the observed environmental shift adds new
insights into the period around the enigmatic 4.2 ka event. Our study also emphasizes the potential of stable
isotopes in relict wood to reconstruct Holocene climate at high spatiotemporal resolution.

1. Introduction
Although tree‐ring chronologies are frequently used to develop annually‐resolved and absolutely‐dated climate
reconstructions for the past millennium (Esper et al., 2016; Ljungqvist et al., 2020), only nine such records extend
continuously back into the mid‐Holocene. Six of these use tree‐ring widths (TRW) to reconstruct summer pre-
cipitation in the western United States (Hughes & Graumlich, 1996) and summer temperatures on the Yamal
peninsula (Hantemirov et al., 2021, 2022), Swedish Lapland (Grudd et al., 2002), Fennoscandia (Helama
et al., 2012), the western United States (Salzer et al., 2014), and northern Patagonia (Lara et al., 2020). The other
three studies utilize tree‐ring stable isotopes (TRSI) to reconstruct cloud cover in Finland (Helama et al., 2018),
monsoon rainfall on the Tibetan Plateau (Yang et al., 2021), and hydroclimate in the European Alps (Arosio
et al., 2023). In addition, floating TRSI chronologies have shown a potential to be used for climate re-
constructions, such as those for the Younger Dryas some 12 ka years ago (Panyushkina et al., 2008), the Early
Pliocene some 4 million years ago (Ballantyne et al., 2006; Csank et al., 2011), and the Late Oligocene some
25 million years ago (Vornlocher et al., 2021). However, such reconstructions are only possible if climate signals
captured by the different “growth‐independent” TRSIs are interpreted using mechanistic understanding of eco‐
physiological processes (Büntgen, 2022; McCarroll & Loader, 2004).
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The Fenland in eastern England is a worldwide unique region for archeological, paleoecological, and dendro-
chronological research. Situated between Cambridge in the south and Lincoln in the north, the flat lowland
covered with deep peaty soils provides a rich paleoenvironmental archive. Extensive archeological surveys began
as early as in the 1870s (Miller & Skertchly, 1878) and resulted in a collection of thousands of objects spanning
human history from the Paleolithic to the Medieval period (Brown, 2000; Glazebrook, 1997; Medlycott, 2011). A
dense network of soil cores has revealed a complex evolution of vegetation cover on a mosaic‐like landscape
(Godwin, 1940; Waller, 1994) and facilitated detailed reconstruction of sea‐level changes of the North Sea during
the Holocene (Shennan, 1986; Shennan et al., 2018). Excavated from agricultural fields, relict oak trunks, so‐
called “bog oaks”, were used to develop a 1500‐year long TRW chronology for the mid‐Holocene (Baillie &
Brown, 1988), and a recent finding of hundreds of well‐preserved yew trunks has further advanced regional
dendrochronological records (Bebchuk et al., 2024). Despite the long tradition of archeological and paleo‐
environmental research and the abundant subfossil wood, TRSI have never been measured in the Fenland.

Here, we present carbon (δ13C) and oxygen (δ18O) TRSI in subfossil yew (Taxus baccata L.) wood from the
Fenland. We develop an eco‐physiological model to understand how climate and environmental conditions affect
TRSI and TRW, and use it to reconstruct hydroclimate variability during the mid‐Holocene in eastern England.
We then compare our reconstruction with independent proxy evidence of sea‐level change, riverine flooding, and
atmospheric circulation patterns.

2. Data and Methods
Over 400 well‐preserved subfossil yew trunks were excavated from peat‐rich soils in the coastal lowland region of
eastern England (Figures 1a and 1b) (Bebchuk et al., 2024). Dendrochronological cross‐dating, supplemented
with 60 annually‐resolved radiocarbon (14C) dates, resulted in two floating TRW chronologies that integrate 36
and 48 relict yew trees and span 5,224− 4,813 ± 4 and 4,612− 4,195 ± 6 calibrated (cal.) years BP (hereafter
“early” and “late” chronologies), respectively. The TRW chronologies, as well as further steps performed in the
study are depicted on a flowchart in Figure 1c.

Fifteen yew trees from the end of the late chronology with wide and regular growth rings were selected for δ13C
and δ18O measurements (Figure S1 in Supporting Information S1). Annual rings were split under a stereo mi-
croscope, and each ring, containing early‐ and late‐wood was weighed at 0.001 mg precision. A minimum of
3.0 mg per sample were required to extract 0.7 mg of alpha‐cellulose for individual δ13C and δ18O measurements
according to a modified Jayme‐Wise isolation method (Boettger et al., 2007). Each sample underwent two
separate washes in a 5% NaOH solution for 2 hr at 60°C, followed by an additional 30‐hr treatment in a 7%
NaClO2 solution. To maintain the pH between 4 and 5, acetic acid (99.8%) was added throughout the process. The
samples were then dried at 50°C for 24 hr and stored in Eppendorf microtubes. For δ13C analysis, the 0.7 mg
alpha‐cellulose was placed into tin capsules and combusted to CO2 at 960°C. For δ18O analysis, the same amount
of cellulose was placed in silver capsules and pyrolyzed to CO at 1,450°C. Stable isotopes in the CO2 and CO
gases were measured with an ISOPRIME100 continuous flow isotope ratio mass spectrometer (IRMS; IsoPrime,
Manchester, UK). Prior to each set of analyses, the IRMS was tuned and tested for stability (standard devia-
tion ≤0.04‰ over 10 pulses of reference gas) and linearity (≤0.03‰/nA) over the expected ion current range
obtained from the measurements of the test samples. Measurement precision was maintained with standard de-
viations ≤0.06‰ for δ13C and ≤0.10‰ for δ18O, based on five consecutive measurements of the same alpha‐
cellulose sample. Isotopic values were calibrated against certified reference materials from the International
Atomic Energy Agency (IAEA, Vienna, Austria) and the United States Geological Survey (USGS, USA). The
δ13C values were standardized against caffeine (IAEA‐600) and graphite (USGS24), while δ18O values were
referenced to benzoic acids (IAEA‐601 and IAEA‐602). Carbon and oxygen ratios are reported in permil (‰)
relative to the Vienna Pee Dee Belemnite (VPDB) and Vienna Standard Mean Ocean Water (VSMOW),
respectively (Coplen, 1995).

Raw TRW and TRSI series exhibit age‐related trends (Figure S2 in Supporting Information S1). To remove the
age‐related trends from TRW series, we used age‐dependent splines with an initial stiffness of 50 years (Mel-
vin, 2004). For TRSI series, we applied the Regional Curve Standardization method (Briffa et al., 1992) that
retains possible low‐frequency variability in the data and preserves the level‐offset between samples (following
Büntgen, 2022; and as in Esper et al., 2003; Helama et al., 2018; Arosio et al., 2023). We further stabilized the
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variance by dividing the mean of the resulting TRW, δ13C, and δ18O chronologies by their respective 30‐year
moving standard deviations (Büntgen et al., 2024).

We developed an eco‐physiological model to interpret the TRSI and TRW chronologies in response to envi-
ronmental conditions. Our model builds upon established mechanistic models that explain the impact of climatic
and environmental drivers on TRSI signals (Gessler et al., 2014; Roden et al., 2000; Scheidegger et al., 2000;
Siegwolf et al., 2023). We distinguished four types of TRSI changes: (a) both δ13C and δ18O increase, (b) δ13C
increases while δ18O decreases, (c) δ13C decreases while δ18O increases, and (d) both δ13C and δ18O decrease.
Each pattern was linked to Fenland‐specific scenarios of climate and environmental changes, along with the
corresponding stomatal responses and gas exchanges between the atmosphere and leaf interior that contribute to
the observed TRSI signals (Figure 2).

Scenario 1 refers to atmospheric dryness during which vapor pressure deficit (VPD) rises, leading to a decrease in
stomatal conductance (i.e., closure of the stomatal aperture), especially strong under limited soil water avail-
ability. Stomatal closure limits CO2 diffusion into the leaf interior, causing the photosynthetic demand for CO2 to
exceed its supply and resulting in a decrease in inter‐cellular CO2 concentration. This decrease in CO2 availability

Figure 1. Map of the British Isles with the sampling site location (a) and photo of a pile of yew trunks (b). Panel (c) shows a
flowchart explaining the steps performed in the study from top to bottom: two floating tree‐ring width (TRW) chronologies
are developed, tree‐ring stable isotopes (TRSI) are measured for a subset of 15 trees from the late (right side) chronology, an
eco‐physiological model is established to explain how TRSI signals change depending on climate and environmental
conditions and how TRW patterns correspond to these conditions. Finally, TRW response to hydroclimate is used to develop
reconstructions for both, the early and the late TRW chronologies.
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reduces 13C discrimination during photosynthesis, thereby increasing δ13C values of the synthesized cellulose
(Farquhar et al., 1980). Despite the partially closed stomata, transpiration rates can remain high in dry atmo-
spheres, as water flow is driven by the steep water potential gradient across the soil‐plant‐atmosphere continuum.
Under high transpiration rates, water molecules containing the lighter 16O isotope evaporate preferentially over
those containing the heavier 18O isotope, leading to an increase in δ18O values in synthesized cellulose (Schei-
degger et al., 2000). As a result, both δ13C and δ18O ratios increase (Figure 2).

Scenario 2 refers to conditions of increased precipitation, high air humidity, lower temperatures, and a decrease in
atmospheric VPD. Although VPD values are low, the stomata remain relatively closed due to reduced light in-
tensities caused by cloudy skies, which limit CO2 diffusion into leaves (Mott et al., 2008) and decrease the inter‐
cellular CO2 concentration. The overall wetter conditions lead to reduced transpiration rates and generally lower
δ18O ratios (Martínez‐Sancho et al., 2023; Roden et al., 2000). As a result, δ13C ratios moderately increase, while
δ18O ratios decrease (Figure 2).

Figure 2. From left to right, the table shows environmental factors, stomatal responses, isotopic signals, and tree‐ring width patterns. The leftmost column presents four
predefined scenarios of the Fenland environmental conditions, with varying atmospheric humidity and soil wetness (for details, see text). The second column illustrates
the degree of stomatal opening or closure in response to environmental conditions, with arrow thickness representing the relative rate of CO2 and H2O gas exchange. The
third column presents the stable isotopes' behavior, and the rightmost column shows the tree‐ring width signal revealed from the combination of the two stable isotopes
chronologies.
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Scenario 3 refers to dry atmospheric conditions combined with elevated groundwater tables caused by sea‐level
rise in the North Sea, leading to wet soils (Bebchuk et al., 2024). Despite an increased VPD, stomata remain
relatively open due to a high availability of soil moisture, ensuring sufficient water and CO2 supplies to the leaf
tissues (Ding et al., 2021). Accordingly, photosynthesis operates at relatively high concentrations of inter‐cellular
CO2, leading to increased 13C discrimination and a corresponding decrease in δ13C values. At the same time, very
high transpiration rates result in rising δ18O. As a result, δ13C ratios decrease, while δ18O ratios increase
(Figure 2).

Scenario 4 refers to sea‐level and groundwater table rises that coincide with colder and wetter atmospheric
conditions. The stomata remain open, and the CO2 supply substantially exceeds the demand for photosynthesis,
leading to high concentrations of inter‐cellular CO2, enhanced 13C discrimination, and a decrease in δ13C values.
Transpiration rates are reduced and thus, δ18O ratios decrease. As a result, both δ13C and δ18O ratios decrease
(Figure 2).

For developing a climate reconstruction, we used a combination of the carbon and oxygen TRSI chronologies
smoothed with a 30‐year spline (Figure 3a). We produced a timeseries illustrating how the four scenarios changed
over time (Figure 3b). We then compared it with a TRW chronology developed from the same 15 trees to establish
growth‐climate relationships (Figure 3b). The observed TRW‐climate relationships were further extended onto
both the early and the late TRW chronologies (a reader is referred to the Figure 1c for the sketch of the meth-
odology). Finally, we compared our new hydroclimate reconstructions against independent records of relative
sea‐level (RSL) changes in the North Sea (Shennan et al., 2018) and the North Atlantic Oscillation (NAO)
(Becker et al., 2020). The RSL reconstruction was derived from marine index points over the Fenland region
(Waller, 1994), for which radiocarbon dates were recalibrated with the OxCal v4.4.4 software (Bronk Ram-
sey, 2021) against the most recent IntCal20 calibration curve (Reimer et al., 2020). The NAO variability was
reconstructed from sediment cores from the south‐eastern Norwegian Sea.

Figure 3. The upper panel presents normalized δ13C (orange) and δ18O (blue) chronologies with 30‐year splines highlighting
the long‐term variability. The bottom panel shows the TRW chronology (green) and a 30‐year spline colored depending on
the combination of the TRSI changes: both isotopes increase (orange), δ13C increases and δ18O decreases (green), δ13C
increases and δ18O decreases (light blue), and both isotopes decrease (blue). Note the colors correspond to those in Figure 2.
The sample replication of the three chronologies is shown in black.
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3. Results and Discussion
The δ13C and δ18O chronologies span 378 years from 4,584–4,206 ± 6 cal. years BP with a sample replication
ranging from 1 to 8 series (Figure 2a, Figure S3 in Supporting Information S1). The mean δ13C values tend to be
1–4‰ higher than those reported from other mid‐Holocene wood samples, such as Irish oaks (McCormac
et al., 1994) and Fennoscandian pines (Edvardsson et al., 2014; Torbenson et al., 2022). In contrast, the mean δ18O
values are 1–4‰ lower than those observed in mid‐Holocene pines from Sweden (Edvardsson et al., 2014), larch
and pines from the Alps (Arosio, Ziehmer‐Wenz, et al., 2020), and juniper trees from the Tibetan Plateau (Yang
et al., 2021). We suppose that the differences in δ13C arise from species‐specific photosynthetic properties
(Arosio et al., 2024; McCarroll & Loader, 2004), whereas the differences in δ18O likely reflect variations in
climate conditions and the isotopic composition of precipitation (Arosio et al., 2024; Saurer et al., 2002).

The age‐related trends in yew TRSI series contribute to the ongoing debate about whether TRSI data should be
detrended before being used for climate reconstructions (initiated in Esper et al., 2010). Although some TRSI data
sets, such as living and relict oaks from the Czech Republic (Büntgen et al., 2020), exhibit no age‐dependant
behavior, other studies report pronounced TRSI changes with cambial age (Helama et al., 2018; Wieland
et al., 2024). We found significant correlations between the cambial age and the mean of the age‐aligned raw
series (Pearson's correlation coefficient of 0.86 for δ13C and 0.13 for δ18O; p < 0.001), normalized series (0.93,
0.39), and normalized series trimmed by the sample replication ≥5 (0.91, 0.54). Moreover, 10,000 Monte Carlo
simulations confirmed the presence of these trends, with linear interpolation slopes of 0.01 for δ13C and 0.003 for
δ18O per year. Our findings align with a general view that age‐related trends are more pronounced in δ13C than in
δ18O. For example, Helama et al. (2015) and Kern et al. (2023) found strong age‐related trends in δ13C but not
δ18O in subfossil pines from Finland and Romania, respectively. Similarly, moderate age‐related trends in δ18O
were observed in relict pines from Fennoscandia (Torbenson et al., 2022), while Arosio, Ziehmer, et al. (2020)
concluded that these trends can be species‐specific for Alpine pine and larch. Our results emphasize the
importance of investigating age‐related trends in TRSI series across plant species and regions before developing
TRSI‐based climate reconstructions (Esper et al., 2010).

Our eco‐physiological model shows that changes in δ13C and δ18O are primarily driven by soil and atmospheric
moisture, respectively. The δ13C chronology exhibits an upward trend from − 22.4‰ to − 20.1‰, with marked
decreases around 4,520, 4,380 and 4,260 cal. years BP (Figure 3a). These depressions likely indicate groundwater
influx caused by an RSL rise in the North Sea, which impeded free passage of Fenland rivers into the Wash bay
and elevated regional groundwater tables (Bebchuk et al., 2024). Then, as peat accumulated and soils were drying,
δ13C values gradually rose. The δ18O chronology represents a joint moisture signal of precipitation and river
water since their isotopic values were found to be similar in eastern England (Darling et al., 2003), and the local
drainage basin ensures minimal seasonal δ18O variations (Orr et al., 2007). The relative invariability of δ18O
chronology suggests no major changes in atmospheric circulation and a consistent soil water source throughout
time. This finding implies that possible saltwater intrusion, which would otherwise have altered the isotopic
signature of the source water (Ellsworth & Sternberg, 2014; Lovelock et al., 2017), did not have a direct effect on
yew woodlands.

Relatively dry atmospheric and soil conditions (Scenario 1) favored yew growth, whereas reduced TRW coin-
cided with periods of increased groundwater tables and wetter soil conditions (Scenarios 2–4) (Figure 2). Our
findings align with previous studies that link reduced TRW in pines and oaks from peatbogs in Ireland, Germany,
Denmark, and Sweden to rising groundwater tables during the mid‐Holocene (Eckstein et al., 2009; Edvardsson
et al., 2016; Leuschner et al., 2002; Pilcher et al., 1995). Moreover, several studies show that excessive soil
moisture (Scenarios 3 and 4) reduces the likelihood of yew seedlings to establish and survive (Bujoczek &
Bujoczek, 2018), and the combination of low temperatures and diffuse light (Scenarios 2 and 4) is probably a
direct reason for higher yew mortality (Iszkuło, 2010). These growth‐climate relationships, however, are contrary
to those observed in modern yew trees in southeast England (Bebchuk et al., 2025), because an extensive drainage
in the 17–19th centuries altered the hydroclimate regime of the region (Fowler, 1933; Waller, 1994). Conse-
quently, calibration trials with living trees could be misleading.

Our final TRW‐based hydroclimate reconstruction spans 828 years from 5,224–4,813 ± 4 and 4,612–
4,195 ± 6 cal. years BP (Figure 4a). Despite a range of methodological limitations, including low TRSI sample
replication and discontinuous TRW record, the reconstruction represents the best possible high‐resolution
approximation of mid‐Holocene droughts and pluvials in eastern England and north‐western Europe. The
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record reveals a hydroclimate shift toward unusually wet conditions that eventually caused yew disappearance
around 4,200 cal. years BP (Figure 4a). This period coincided with an RSL rise in the North Sea (Shennan
et al., 2018) and a prolonged negative phase of the NAO (Becker et al., 2020). The Holocene fluvial record for
central England exhibits major riverine flooding between 4,400 and 4,100 cal. years BP (Macklin et al., 2010),
thereby providing independent evidence for an RSL rise. Mid‐Holocene RSL fluctuations, which occurred
without significant meltwater influxes, are usually associated with increased storminess (Uścinowicz et al., 2022).
Sorrel et al. (2012) identified the period 4,500− 3,950 cal. years BP as the “Second Holocene Storm Period”, using
data from North Sea coastal sediments, and Goslin et al. (2018) reported increased storminess in the North
Atlantic at 4,400− 4,100 centered around 4,200 cal. years BP (Figure 4a). Although negative phases of the NAO
are commonly associated with reduced precipitation over the British Isles (Wanner et al., 2001), central and

Figure 4. (a) Our TRW‐based hydroclimate reconstruction (green; sample replication in black) with reconstructed phases of Fenland dry (Scenario 1; yellow bars) and
humid (Scenarios 2, 3, and 4; purple bars) conditions. Note the early part is based on the extrapolation of growth‐climate relationships identified in the late part. The
reconstruction of relative sea‐level (RSL, m) changes in the North Sea (light blue) is based on the data from the Fenland specifically, after Shennan et al. (2018). Marine
index points of RSL (dots) are shown with a temporal uncertainty (dashed line), a smoothing mean (solid line) and its vertical uncertainty (zone). The reconstruction of
the winter North Atlantic Oscillation (NAO) variability (blue) is based on a sediment core from western Norway, after Becker et al. (2020). The NAOCaFe index
bandpass filtered with a cut‐off of 10–500 is shown as an inverted plot with negative NAO phases in blue. Note yew disappearance around 4,200 cal. years BP and
corresponding RSL and NAO conditions labeled. Major riverine flooding after Macklin et al. (2010) and storminess in the North Atlantic after Sorrel et al. (2012) and
Goslin et al. (2018) are shown as blue and gray horizontal bars, respectively. The climate anomaly around 4.8 ka BP and the 4.2 ka climate event are marked.
(b) Evolution of paleo‐environmental conditions in the Fenland and their impact on yew growth.
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eastern England may receive more precipitation during negative NAO conditions (West et al., 2019, 2022). We
therefore conclude that yew trees coped with short‐term waterlogged conditions by producing adventitious roots
visible on at least 10% of the excavated trunks (Figure 4b; Bebchuk et al., 2024; Jackson, 1955). However, a joint
occurrence of a prolonged negative NAO phase and a sea‐level rise in the North Sea would have led to long‐
lasting inundation, resulting in hypoxia or anoxia and possibly spread of Phytophthora (Hansen et al., 2012), a
disease known to damage yew roots (Torgeson et al., 1954), and triggering dieback (Figure 4b; Bujoczek &
Bujoczek, 2018).

The shift toward wetter conditions around 4,200 cal. years BP coincided with the so‐called “4.2 ka event”
(Staubwasser et al., 2003; Weiss et al., 1993), which has been coined as a climatological divide between the
Middle and Late Holocene (Walker et al., 2019). This event is characterized by extremely dry conditions in Asia
and Africa that are believed to have contributed to a collapse of several ancient civilizations in Northern
Hemisphere mid‐latitudes (Chen et al., 2023; Weiss et al., 1993). In contrast, evidence from varved lake sedi-
ments in Poland indicates a pronounced cooling (Zander et al., 2024), and both wetter and drier anomalies have
been identified in the Mediterranean region (Bini et al., 2019). However, no compelling evidence for unusual
climate change has been previously reported for the British Isles (Roland et al., 2014) and the northern North
Atlantic (Bradley & Bakke, 2019). A similar combination of increased storminess (Goslin et al., 2018), riverine
flooding (Macklin et al., 2010), and prolonged negative NAO conditions (Becker et al., 2020) seems to have also
occurred around 4,800 cal. years BP (Figure 4a). Although this period coincides with a suite of warm and wet
climate anomalies reported by McKay et al. (2024), no definitive conclusion can be drawn from our new pale-
oclimate record whose early part ceases around 4,800 cal. years BP. Bridging the two floating yew chronologies is
needed to further understand mid‐Holocene climate and environmental conditions in eastern England.

Data Availability Statement
Early and late tree‐ring width chronologies are available at the International Tree‐Ring DataBase (ITRDB) at
https://www.ncei.noaa.gov/access/paleo‐search/study/41019 and https://www.ncei.noaa.gov/access/paleo‐sear
ch/study/41020, respectively. Raw tree‐ring stable isotopes are published at the NOAA for Paleoclimatology data
repository at https://www.ncei.noaa.gov/access/paleo‐search/study/41021. The reconstruction of relative sea‐
level changes can be found in the Supplementary material of the paper by Shennan et al. (2018). The recon-
struction of NAO variability by Becker et al. (2020) is available from the PANGAEA data repository.
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