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Abstract

The impact of multi-annual to decadal climatic cycles on tree-ring growth remains
understudied. Here, we analyse a nearly one-and-a-half-thousand-year-long tree-ring
chronology (1283 BCE-156 CE) based on bog oaks from an alder carr environment in the
Angstel-Vecht delta in the Netherlands to assess the influence of multi-year climatic
oscillations on tree-ring growth and the origin of the identified cycles. Wavelet,
crosswavelet, and bicoherence spectral analyses reveal significant cycles ranging from 2.2 to
100 years. To investigate the forcing mechanisms behind these cycles, we compare the tree-
ring record with the Uamh an Tartair stalagmite record from northwestern Scotland,
reflecting large-scale variability in North Atlantic precipitation. Cross-wavelet analysis reveals
a quarter-cycle phase lag across multiple timescales, indicating a shared North Atlantic
climatic driver, with the stalagmite responding almost instantaneously, whereas the
Angstel/Vecht tree-ring record shows a delayed response. This delay is attributed to
cumulative climate forcing mediated by groundwater changes and hydrological storage
processes within the peatland system. The phase relationships suggest that, alongside
flooding events, periods of increased regional rainfall elevate groundwater levels,
suppressing oak growth in the Angstel/Vecht delta. The 100-, 60-, and 24-year cycles
correspond to known climatic oscillations linked to North Atlantic climate modes such as the
North Atlantic Oscillation (NAO) and the Atlantic Multidecadal Oscillation (AMO), or possibly
solar cycles. Some cycles, such as the 40- and 15-year cycles, cannot be directly attributed to
external forcing but instead appear to be nonlinear combination tones. These results
indicate that cyclicity in tree-ring growth reflects non-linear interactions among multiple
forcing mechanisms across timescales, and demonstrate that lowland wetland bog oak
records provide sensitive archives of multiannual to multidecadal hydroclimatic variability in

the North Atlantic region over long timescales.
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1. Introduction

Hydroclimate variability in Western Europe is strongly influenced by large-scale climate
patterns over the North Atlantic, especially the North Atlantic Oscillation (NAO), the Atlantic
Multidecadal Oscillation (AMO), and solar cycles (Ait Brahim et al., 2018; Borgel et al., 2020;
Dieppois et al., 2013; Liidecke et al., 2020; Pinto and Raible, 2012). These patterns affect
temperature, rainfall, storm activity, and groundwater recharge over seasonal to centennial
timescales, leaving clear traces in ocean, lake, and cave records (Ait Brahim et al., 2018;
Baldini et al., 2008; Denniston et al., 2008; Hubeny et al., 2006; Rust et al., 2020). However,
how these climate patterns are reflected in tree-ring data from lowland areas—especially
before the 19th century—remains unclear, making it difficult to identify cycles and

nonlinear interactions among different climate influences.

Tree rings provide records of annual hydroclimate variability. In the Angstel/Vecht region of
the central Netherlands, oaks grew in alder carrs on peat. Here, groundwater was closely
linked to precipitation and discharge from the Rhine River (Jansma, 2020). High rainfall and
runoff raised groundwater levels, prolonged anaerobic soil conditions, shortened the
growing season, induced root decay, impaired ectomycorrhizal functioning, and increased
the risk of oak mortality (Coder, 1994; Copini et al., 2016; Sass-Klaassen and Hanraets,
2006). Drier conditions allowed wider ring increments by improving root conditions (Sass-
Klaassen and Hanraets 2006). Both wetter and drier hydrology affect tree growth and
mortality. Prolonged high groundwater is suggested to have suppressed germination,
depressed growth, and increased mortality. Continued peat formation favoured the
preservation of subfossil wood by limiting microbial decay in waterlogged settings

(Leuschner et al., 2002; Sass-Klaassen and Hanraets, 2006).

Atmospheric pressure patterns associated with the positive NAO phase are closely linked to
major flood events in northwestern Europe (Bronnimann et al., 2025). The NAO index
expresses the pressure difference between the Azores High and the Icelandic Low. This
difference controls the strength and direction of westerly winds and storm tracks across the
North Atlantic (Domeisen et al., 2018; Eade et al., 2022; Folland et al., 2009; Hurrell et al.,

1997; Hurrell et al., 2003). During positive NAO phases, conditions are generally mild, wet,
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and stormy. Negative phases bring colder, drier, and calmer conditions. These shifts are
particularly pronounced in winter. The NAO strongly influences winter and spring discharge
in the Rhine River (Steirou et al., 2017). Positive NAO phases correspond to elevated winter
discharge due to increased precipitation and earlier snow melt. Negative phases correspond
to reduced winter discharge followed by a (late) spring or early summer runoff peak.
Variability in the NAO occurs on multi-annual timescales. Multi-decadal to centennial
intervals of persistent NAO states are identified in paleoclimatic archives (Baker et al., 2015;
Faust et al., 2016; Olsen et al., 2012; Seip et al., 2019). Despite extensive research,
reconstructions of long-term NAO variability differ due to uncertainties in age models and

limitations in the calibration strength of NAO proxies (Baker et al., 2015).

To clarify how North Atlantic climate variability shapes terrestrial hydroclimate, we analyse
a 1.5 millennia-long tree-ring chronology (1283 BCE - 156 CE) from the Angstel/Vecht delta.
This chronology represents the most robustly replicated segment (n = 10) of a larger dataset
spanning 1371 BCE—488 CE (NLBOG26) with 90,914 measured rings. Our central goal is to
determine if this tree-ring record contains signatures of known atmospheric and solar
oscillations and their nonlinear interactions. We use the continuous wavelet transform
(CWT), Taner filtering, bicoherence spectral analysis, and the cross-wavelet transform (XWT)
to identify dominant periodicities and interactions in tree growth that may be linked to

major climate modes and solar forcing.

We use CWT to identify and track dominant cycles in the record. Based on these results, we
extract principal cycles using a Taner filter and CWT spectral power to evaluate their
persistence. Next, we apply bicoherence spectral analysis to determine the extent to which
these cycles are influenced by nonlinear interactions among frequency components. We
then isolate and compare subsets of nonlinear signals to those generated from higher-order
combinations of cycles, testing whether observed interactions produce new cyclic
components. Finally, we assess if the identified variability reflects large-scale North Atlantic
forcing by performing cross-wavelet analysis between the Angstel/Vecht record and the
Uamh an Tartair stalagmite record. This integrated approach directly quantifies how

Angstel/Vecht tree growth responds to climatic oscillations and determines how lowland
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wetland tree-ring archives capture hydroclimatic variability linked to ocean-atmosphere

dynamics and solar forcing.

2. Paleogeographic setting

The Angstel/Vecht delta, located between the Dutch cities of Amsterdam, Utrecht, and
Naarden, and the former Zuiderzee/Lake Flevo, represents a Holocene peat-dominated area
at the northern margin of the Rhine delta (Van Asselen et al., 2017; Vos et al., 2020; Weerts
et al., 2002)(Figure 1). The area developed on an undulating Late Weichselian coversand
surface that became buried beneath Holocene peat, lacustrine and fluvial deposits as
groundwater levels rose in response to post-glacial sea-level rise, promoting extensive peat

formation across the coastal plain (Bos et al., 2009, 2012; Hijma et al., 2019).

The Angstel/Vecht system developed as a distributary of the Old Rhine from the 12th
century BCE onwards. Until the early Middle Ages, the Angstel and Vecht rivers conveyed up
to about 10% of the Rhine discharge to the North Sea. This formed a dynamic flood basin
with interbedded fluvial, lacustrine, and peat deposits (Van der Woude, 1984; Vos et al.,
2020; Weerts et al., 2002). Progressive infilling of peat lakes was followed by the
development of levees through repeated overbank deposition of clay-rich sediments. This
influenced the spatial distribution of peat facies, with wood peat forming in river-influenced
areas and more distal zones characterised by rain-fed peat accumulation (Brouwer et al.,
2002; De Lange and Bles, 1963; Poelman, 1966; Van Dinter et al., 2017). These processes

further structured the landscape and controlled local drainage patterns (Bos et al., 2009).

Thick peat sequences accumulated across this wetland, supporting alder carrs and scattered
oaks. These oaks were sensitive to fluctuations in groundwater levels (Jansma 2020; Sass-
Klaassen and Hanraets 2006). Elevated water reduced tree-ring growth by limiting root
aeration. Drier phases enabled wider ring increments. This hydrological dependence makes
the site ideal for reconstructing past hydroclimate. Subfossil oaks in the peat form the
Angstel/Vecht tree-ring chronology NLBOG26, detailed by Bazelmans et al. (submitted). In
this setting, the Angstel/Vecht region is a highly sensitive archive of externally forced

hydroclimatic variability.
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148  Figure 1. Caption : Figure 1. Palaeogeography of the Angstel-Vecht delta during the 3850
149  BCE, 1500 BCE, 500 BCE and 800 CE time slices. A, Oer-1J; B. Lake Aetsveld; C. Old Rhine; D,
150  Lake Flevo; E, Almere. 1, beach barriers and low dunes; 2, beach planes and dune valleys; 3,
151 tidal flats; 4, salt marshes, floodplains and stream valleys; 5, peat areas, 6, Pleistocene sand
152  areas below modern sea level, 7, Pleistocene sand areas above modern sea level; 8, ice-
153  pushed ridges; 9, outer and inner water. Dashed line: research area. Modified after Vos et
154 al., (2018).
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3. Materials and Methods

To uncover cyclicity in the Angstel/Vecht tree-ring chronology, we analysed the growth
index (Gl) record NLBOG26 (Bazelmans et al., submitted; Figure 2, upper panel). This record
contains 526 specimens from 31 sites; 500 are absolutely dated and together form a robust
chronology for the Angstel/Vecht delta. Raw ring-width measurements include long-term
biological trends that can obscure climatic signals. To address this, we used the detrended
Gl record. We removed age-related growth trends using standard detrending, including a
128-year spline with a 50% variance cut-off (Cook et al., 1990). The calculation was tailored
to each time series, using a spline length equal to 67% of the series length, with a maximum
spline length of 128 years. We did not consider autocorrelation, as growth is strongly
influenced by hydrological factors, and our goal was to detect long-term effects (Jansma,
2020). This processing minimises biological growth effects and retains the climatic signal for

spectral analysis (Figure 2, lower panel).

Mean ring width

Width (mm)

1250  -1000  -750 -500  -250 1
Age (years) (BCE/CE)

Growth Index (Gl)

Growth index
(Gl)
05101520

— 1 A & F & ] & & & T ] ¥ & & 3 ] 1 & &+ & [ F & & 1
-1250 -1000 -750 -500 -250 1
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Figure 2. Mean ring with and growth index (Gl) records of (Angstel/Vecht) NLBOG26 record

of Bazelmans et al. (submitted).
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Analyses were performed using functions from the Astrochron (Meyers et al., 2014, 2019)
and WaverideR (Arts, 2023; Arts et al., 2024) R packages (see S1 for the R code). The
Continuous Wavelet Transform (CWT) and Cross Wavelet Transform (XWT) functions from
WaverideR were applied to generate scalograms and examine the temporal variability of
cycles. Dominant cycles with high-power spectral peaks were then extracted using the Taner

bandpass filter (Taner et al., 2000), as implemented in the Astrochron R package.

Potential nonlinear interactions among higher-order cycles were evaluated using a modified
bicoherence function from the Astrochron R package, which employs WOSA-based
smoothing to reduce spurious peaks (Choudhury et al., 2008; Hagelberg et al., 1999; Sullivan
et al., 2023; Welch et al., 1967). Bandwidth smoothing was applied to obtain reliable
estimates, thereby reducing frequency resolution relative to the original power spectrum.
Nonlinear components were subsequently extracted from the Gl record using a Taner filter

to identify combination tones generated by interactions among higher-order cycles.

Finally, to assess whether the detected cycles reflect large-scale North Atlantic forcing, a
Cross Wavelet Transform (XWT) was computed between the growth index (Gl) record
NLBOG26 and the Uamh an Tartair stalagmite growth-rate record from northwestern
Scotland (Baker et al., 2015), which is known to capture variability related to the Atlantic
Multidecadal Oscillation (AMO) and the North Atlantic Oscillation (NAO) (Baker et al., 2015).
This step enables the identification of phase relationships and the evaluation of the regional

hydroclimatic significance of the detected cyclicity.

4. Results

4.1 Spectral analysis and cycle extraction

The wavelet scalogram of the Angstel/Vecht chronology reveals spectral peaks with periods

of 2.2,3.6,5.9, 8,12, 15.4, 24, 38, 60, 80, 110, and 200 years (Figure 3). This broad spectrum

indicates that the Growth Index (Gl) was paced by climatic cycles ranging from biannual to

centennial cycles.
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Figure 3. CWT scalogram of the growth index (Gl) records of (Angstel/Vecht) NLBOG26

record of Bazelmans et al. (submitted).

To isolate the astronomical signal from the underlying noise, we performed targeted
extraction of the most prominent spectral peaks (approximately 3.6, 8, 15, 38, 60, and 110
years) from the Gl record (Figures 4A-4F). Lower-amplitude spectral peaks, specifically those
at 2.2, 5.9, 12, 24, 80, and 200 years, were excluded from further analysis due to insufficient
spectral power and a lack of temporal persistence, especially for the shorter-period cycles.
The spectral power of each selected cycle was calculated as a percentage of the total
spectral power, quantifying its relative contribution over time (Figure 4G). When plotted
alongside the original Gl record, the 15.4, 38, and 60-year cycles are clearly evident in the
raw data. Conversely, the shorter (3.4 and 8-year) and longest (110-year) components are

less visually apparent but still contribute to the overall spectral power.

The relative contribution of each cycle to the total spectral power varies considerably
through time (Figure 4G). The ~110-year cycle shows low spectral power, suggesting a minor
influence on overall variability. In contrast, the ~60-year cycle dominates the low-frequency

domain, accounting for a substantial portion of the spectral power prior to year 1. Cycles of
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229  reflecting periodic but non-continuous modulation. The shorter cycles (~8 and ~3.4 years)
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231  fluctuations superimposed on longer-term trends. Ultimately, the stacked spectral power
232 distribution reveals a hierarchical organisation of cyclicities within the Gl record,
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3.4-year cycle, G extracted the spectral power (CWT) of the different cycles.

4.2 Identifying non-linear interactions via bicoherence analysis

Bicoherence spectral analysis reveals that several shorter-period cycles in the Angstel/Vecht
chronology emerge as nonlinear combination tones of longer-period oscillations (Figure 5).
Due to the complexity of the bicoherence plot, we have selected the most prominent
spectral interactions as representative examples of this nonlinear coupling. Specifically, the
interactions between the 110- and 60-year cycles, which generate a ~40-year combination
cycle, and the 24- and 40-year cycles, which combine into a ~15-year cycle, are presented as

primary examples.

These specific combinations were selected because they exhibit higher spectral power, and
the 45-degree dashed line in the figure can clearly be linked to a spectral peak.
Furthermore, these two cases result in cycles closely analogous to the 15.4- and 38-year
cycles observed in the CWT scalogram (see Figure 3). While other non-linear combinations
are observed, they are poorer examples due to their lower power values and less distinct

alignments with the primary spectral peaks in the CWT.

To evaluate the interpretations drawn from the bicoherence spectra, we synthesised the
daughter components by multiplying the two corresponding higher-order parent cycles to
determine if they replicate the observed signal (Figure 6). Specifically, the 60- and 110-year
combination-tone cycles were multiplied to generate a 37.5-year daughter cycle, which was
subsequently extracted from the record (Figure 6B). A similar procedure was applied to the
24 and 40-year combination tones to isolate the 15-year daughter cycle (Figure 6C).
Comparing the generated daughter cycles with those directly extracted from the raw record
shows that they are either completely in phase or completely out of phase. This confirms
that nonlinear interactions between cycles created new cyclic components that are either
completely in phase or out of phase, depending on the complex nonlinear interaction that
occurred during the creation of the daughter cycle. The observation of nonlinear behaviour

that creates new cyclic components indicates that tree-ring growth variability is shaped by
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Figure 5. Bicoherence plot of the Gl record. The spectral peaks are indicated in the figure.

Dashed lines indicate non-linear components interacting to create now cycles and the

corresponding astronomical peaks.

4.3 Cross-wavelet comparison with the Uamh an Tartair stalagmite record
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To better understand the climatic origins of the cycles in the Angstel/Vecht record, a cross-
wavelet analysis was performed against the Uamh an Tartair stalagmite record from
Scotland, an archive known to be driven primarily by North Atlantic weather and its

resulting precipitation patterns (Baker et al., 2011; Baker et al., 2015; Proctor et al., 2000.
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Figure 6. A. The growth index and the 15- and 37.5-yr cycles directly extracted from the
record, B. 37.5-yr cycle directly extracted from the record, and the 37.5-yr cycle generated
from the 60 and 100-yr cycles, C. 15-yr cycle directly extracted from the record and the 15-

yr cycle generated from the 24 and 40-yr cycles.

Cross-wavelet analysis between the stalagmite and bog oak Gl records identifies significant
shared spectral power across multidecadal to centennial scales. The highest spectral density

is concentrated within the 30-60-year periodicities (Figure 7). A Secondary high-power area
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is observed between the 30- and 8-year period intervals. In this interval, spectral power is
more variable, as is the direction of the phase arrows. Phase arrows in the cross-wavelet
plots predominantly point upward (290°) or downward (=270°), with more upward-pointing
arrows, indicating a persistent quarter-cycle phase-lag. The phase arrows more or less point
either upwards or downwards, regardless of the observed period range, demonstrating that
the stalagmite signal consistently leads the bog oak response by a quarter cycle, regardless
of cycle length. Consequently, the absolute temporal lag scales with the associated

periodicity.
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Figure 7. cross-wavelet spectra between the Angstel/Vecht bog oak Gl dataset and the
stalagmite growth rate dataset from the Uamh an Tartair stalagmite record, Scotland, of
Baker et al., 2015.

5. Discussion

5.1 Hydroclimatic Forcing and System Response Mechanisms
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Based on our spectral analyses and cross-wavelet comparisons, we can argue that North
Atlantic climate variability exerted a persistent influence on hydroclimate and oak growth
across decadal to centennial timescales. The prevalent ~90° phase lag observed between
the Uamh an Tartair stalagmites and the Angstel/Vecht bog oaks does not reflect a
chronological mismatch. Instead, it documents fundamentally different environmental
response mechanisms to a shared North Atlantic climatic forcing (Bond et al., 2001; Hurrell,

1995; Olsen et al., 2012; Rust et al., 2020; Schultz et al., 2015).

The Uamh an Tartair stalagmite growth rate primarily reflects changes in precipitation and
groundwater recharge in a blanket peat-dominated karst setting (Baker et al., 2015; Proctor
et al., 2000). Stalagmite growth is controlled by hydrological flux through the soil-peat
column, which governs soil CO2 production, carbonate dissolution, and drip-water
supersaturation (Baker et al., 2011; Baker et al., 2015; Proctor et al., 2000). Because the
vadose zone above the cave is only several meters thick and the catchment area is small,
precipitation changes are transmitted rapidly into the cave system. Consequently,
stalagmite growth rates respond quasi-instantaneously to shifts in moisture balance,
particularly during the onset of wetter conditions associated with persistent positive NAO
phases (Baker et al., 2011; Baker et al., 2015; Proctor et al., 2000). The stalagmite archive,

therefore, records the forcing or instantaneous-flux component of hydroclimatic variability.

Conversely, the Gl record from the Angstel/Vecht delta partly reflects local groundwater
conditions governed by the long-term storage and residence times of water within the vast
Rhine drainage basin. Sustained increases in precipitation and meltwater lead to a
cumulative rise in groundwater levels across the drainage basin. Because the groundwater
response is not instantaneous, it represents an integrated signal of basin-wide processes.
This includes not only local rainfall but also seasonal snow and glacial melt from the upper
reaches of the catchment (Viviroli et al., 2003). As long as the recharge rate remains
positive, groundwater levels continue to rise. Therefore, the lowest Gl results not from the
peak rainfall rate, but from the cumulative multi-year effect that produces the absolute
highest groundwater levels. These high levels suppress oak growth by reducing oxygen
availability in the root zone, inducing metabolic stress, and inhibiting nutrient uptake (Rust

et al., 2020; Sass-Klaassen and Hanraets, 2006; Vreugdenhil et al., 2006).



347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378

This interpretation requires nuance because high-frequency, extreme precipitation and
flood events operate on fundamentally different scales than groundwater. Unlike the slow,
integrated rise of the water table, these events occur on seasonal or weekly timescales and
can trigger near-instantaneous physiological stress in oak growth. These extremes should
not be dismissed as stochastic noise; rather, they exhibit distinct periodicities driven by
specific phases of the NAO or AMO. Specifically, positive NAO phases and warm AMO states
are associated with increased frequency and magnitude of winter floods in the Rhine
catchment (Toonen et al., 2016; Scaife et al., 2008). Consequently, these periodic shifts in
flood frequency can superimpose a sharp, instantaneous climatic signal onto the broader,

long-term integrated groundwater trend.

In dynamical terms, the tree-ring record represents a state-sensitive response to the
integral of the forcing variable. Peak groundwater-induced stress is reached only after a
prolonged period of moisture surplus. This integrating behaviour, combined with
interference from periodic acute floods, explains the persistent but imperfect quarter-cycle
lag observed in the Uamh an Tartair stalagmite growth rate record. While the Uamh an
Tartair stalagmite growth reacts to climatic change near-instantaneously, the Dutch bog
oaks reflect the cumulative effects of that same change. Given that the Uamh an Tartair
stalagmite securely records North Atlantic hydroclimate, we can conclude that the
Angstel/Vecht bog oaks are driven by the exact same forcing, albeit expressed through a
different hydrological filter. The lowland delta environment functions as a non-linear
biological integrator, where external climatic forcings are transformed, amplified, or phase-
shifted as they cascade through ocean-atmosphere feedbacks before being filtered through
the immense hydrology of the Rhine drainage basin (Bond et al., 2001; Hurrell et al., 2003;
Olsen et al., 2012; Scaife et al., 2013).

5.2 Linking Cycles to Climatic Patterns

The broad spectrum of periodicities observed in the Angstel/Vecht Gl record indicates that

lowland oak growth is governed by a hierarchy of interacting climatic patterns, ranging from

fast-acting atmospheric oscillations to slow-moving oceanic and solar drivers.
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The shortest spectral peaks in the Gl record can be coupled to high-frequency atmospheric
variability. Periodicities between 2 and 4 years in the Angstel/Vecht record are consistent
with the Quasi-Biennial Oscillation (QBO), which modulates stratospheric wind fields and
subsequently affects mid-latitude storminess and precipitation (Baldwin et al., 2001;
Bronnimann et al., 2016; Oz et al., 2009; Sonett et al., 1992). Cycles between 5.9 and 8 years
fall within the characteristic range of the North Atlantic Oscillation (NAO) (Adolph et al.,
2024; Appenzeller et al., 1998; Cook et al., 1998; Hurrell, 1995; Luterbacher et al., 2001;
Rust et al., 2020, 2022; Wanner et al., 2001). Positive NAO phases enhance westerly airflow,
significantly increasing precipitation across northwestern Europe (Knudsen et al., 2011;
Sutton and Hodson, 2005). In the Rhine catchment, these NAO- and QBO-driven
periodicities dictate the frequency of instantaneous hydrological shocks and extreme winter

flood events, which acutely constrain local oak growth (Sass-Klaassen and Hanraets, 2006).

Underlying these high-frequency atmospheric variations are slower, multidecadal-to-
centennial modes of 38, 60 and 110 years in the Angstel/Vecht record that reflect internal
variability of the Atlantic Multidecadal Oscillation (AMO) (Ait Brahim et al., 2018; Knudsen et
al., 2011). The AMO exhibits a characteristic 60-80-year cyclicity with minor components at
35, 85-100, and 110 years (Delworth and Mann, 2000; Enfield et al., 2001; Goldenberg et al.,
2001; Gray et al., 2004; Hubeny et al., 2006; Schlesinger and Ramankutty, 1994; Sutton and
Hodson, 2005). By modulating North Atlantic sea surface temperatures, the AMO exerts a
profound control over continental evaporation and sustained moisture transport into the
European interior. Consequently, AMO dynamics drive long-term cumulative groundwater
trends that govern the integrated hydrological baseline of the deltaic environment (Baker et

al., 2011; Geirsdottir et al., 2016; Sass-Klaassen and Hanraets, 2006).

These atmospheric and oceanic systems are further paced by exogenous solar forcing.
Periodicities at 12, 24, 58, 80, and 110 years in the Angstel Vecht record can be linked to
known solar activity cycles and their amplitude-modulating components, including the 11-
year Schwabe and 22-year Hale cycles (Brehm et al., 2021; Hathaway, 2015; Land et al.,
2020; Miyahara et al., 2009; Murphy et al., 1994; Nintcheu-Fata et al., 2003; Sonett and

Finney, 1990). Imperfect period alignment of the 12- and 24-year cycles with solar cycles
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either reflects a deep-time period shift or reflects the thermal inertia of the oceans and
delayed propagation through the atmosphere, which alters the period of the solar signal
(Scaife et al., 2013; Seip et al., 2019). Solar forcing shapes regional hydroclimate via
atmospheric circulation patterns, including stratosphere-troposphere coupling, which
affects the stability of NAO-like pressure patterns (Hathaway and Wilson, 2004; Lohmann et
al., 2004; Seidenglanz et al., 2012; Seip et al., 2019).

While individual cycles can be linked to discrete climatic phenomena, our bicoherence
analyses demonstrate that regional hydroclimate arises from nonlinear interactions among
climatic cycles (Land et al., 2020; Schultz et al., 2015). Combination tones, such as the 38-
year cycle (arising from the non-linear interaction between the 100- and 60-year
interactions) and the 15-year cycle (arising from the non-linear interaction between the 24-
and 40-year cycles), illustrate that these forcings do not act in isolation. Instead, slow-
moving oceanic boundary conditions (AMQ) and top-down solar modulation interact to
dictate the probability and intensity of high-frequency atmospheric climatic cycles (NAO and
QBO).

Consequently, the spectral architecture of the Angstel/Vecht chronology is not a simple
additive record; it captures interacting climatic modes in which multidecadal oceanic and
solar trends systematically modulate high-frequency atmospheric dynamics that govern
extreme flood events and groundwater recharge in northwestern Europe. This complex
interaction explains why the observed spectral peaks in the Angstel/Vecht record
sometimes exhibit slight offsets from the pure solar or oceanic cycles that drive them. The
clear expression of both individual cycles and their nonlinear interactions is closely tied to
the localised sampling strategy of the Angstel/Vecht chronology, which targets a single
drainage region and groundwater system within one branch of the Rhine. By minimising
spatial averaging, this approach reduced signal attenuation that might have obscured
cyclical variability in larger regional composites. At the same time, it highlights a key
limitation. Although a shared North Atlantic forcing links the Angstel/Vecht oak record to
other archives, such as the Uamh an Tartair stalagmites, site-specific hydrological filtering
prevents straightforward one-to-one correlation of individual cycles between records.

Hydroclimatic responses, therefore, remain inherently site-sensitive. This raises an
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important question: whether the identified nonlinear interactions are broadly transferable
across the region or instead reflect local characteristics of the Angstel/Vecht region.
Addressing this will require systematic comparisons across contrasting drainage systems,
which are essential for determining whether such nonlinear coupling is a fundamental
feature of North Atlantic climate dynamics and for understanding how these interactions
would have propagated through and are recorded in palaeoclimatological records within the

wider Rhine drainage basin.

6. Conclusion

The nearly 1.5-millennia-long Angstel/Vecht bog oak chronology provides a highly sensitive
archive of hydroclimatic variability in northwestern Europe, as evidenced by wavelet, cross-
wavelet, and bicoherence spectral analyses, as well as Taner filtering. We show that tree
growth in this lowland wetland system is governed by a broad spectrum of cyclicities
ranging from interannual to centennial timescales, reflecting the combined influence of

atmospheric, oceanic, and solar forcing mechanisms.

The identified periodicities closely match known modes of North Atlantic climate variability,
including the North Atlantic Oscillation and the Atlantic Multidecadal Oscillation, as well as
solar cycles. However, the spectral structure of the tree-ring record is not a simple linear
imprint of these external forcings. Instead, bicoherence analysis reveals that a significant
portion of the observed variability arises from nonlinear interactions among primary cycles,
generating combination tones that contribute substantially to the overall signal. This
highlights the importance of considering nonlinear dynamics when interpreting

dendrochronological records.

The cross-wavelet comparison with the Uamh an Tartair stalagmite record provides
compelling evidence that both archives are driven by a common North Atlantic
hydroclimatic forcing. The persistent quarter-cycle phase lag between the records reflects
contrasting system responses rather than chronological discrepancies. While the stalagmite
responds rapidly to changes in precipitation, the Angstel/Vecht oak record integrates

hydroclimatic forcing over longer timescales through groundwater storage and catchment-
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scale hydrological processes. This integrative behaviour results in a quarter-cycle delayed
response, demonstrating that lowland wetland trees act as nonlinear biological filters of

climate variability.

Our findings underscore that hydroclimate in the Rhine—Meuse delta is shaped by a
hierarchy of interacting processes, in which high-frequency atmospheric variability operates
within the boundary conditions set by slower oceanic and solar cycles. The Angstel/Vecht
record captures both the immediate impacts of extreme hydrological events and the
cumulative effects of sustained moisture anomalies, offering a unique perspective on how
climate signals are transformed within terrestrial systems. Overall, this work highlights the
untapped potential of lowland bog oak archives to reconstruct past hydroclimatic variability

and to disentangle the complex interplay of forcing mechanisms across timescales.

7. Data availability

No new data was generated as part of this study.

8. Supplementary material

S1: The R code used in this study can be found at https://github.com/stratigraphy/Weesp-

dendro-cycles.
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