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Abstract
Temperate mountain forests have experienced an increase in frequency and severity of natural disturbances (e.g., droughts, fires, windstorms and insect outbreaks) in recent decades due to climate and environmental change. Outbreaks of bark beetles have caused significant dieback of conifer forests in Central Europe and it is essential to model and predict the potential severity of future bark beetle outbreaks. However, to predict future bark beetle activity, historical baseline information is required to contextualize the magnitude of current and potential future outbreaks. A fossil beetle record from a forest hollow in the Tatra Mountains, Slovakia; one of the best-preserved national parks in Central Europe, was produced to identify insect outbreaks during the last millennia. Sub-fossil bark beetle remains were compared with parallel pollen and charcoal to assess whether peaks in conifer bark beetle remains correspond with indications of disturbance documented in historical or sedimentary fossil records. Three peaks in bark beetle remains were detected (1) post-2004, (2) AD 1140 – 1440, and (3) AD 930 – 1030. The abundance of species Pityogenes chalcographus and Pityophthorus pityographus in the two top samples can be linked directly to large bark beetle outbreaks in the High Tatra Mountains after 2004. P. chalcographus and P. pityographus are also the abundant species in the second peak (AD 1140 – 1440) while the third peak (AD 930 – 1030) consists of the species Polygraphus poligraphus. The most prominent conifer bark beetle in Central Europe, Ips typographus, was found to be present in most of the samples but always at very low numbers. It is plausible that P. chalcographus and P. pityographus fossils might be useful proxies for past conifer bark beetle outbreaks in Central Europe, as they occur together with fossils of I. typographus but appear to be well-preserved. A significant correlation was found between primary bark beetles and macroscopic charcoal densities in the sediment, highlighting the complex interactions between disturbance agents, bark beetles and fire, in this long-term regime of natural disturbances. Our 1400-year disturbance record shows how bark beetle outbreaks have been an important component of the regional natural disturbance regime for over a millennium and have intensified with increasing anthropogenic activity. Bark beetle outbreaks are likely one of the drivers promoting the future ecological stability of the temperate conifer ecosystem over decades to centuries.

1. Introduction
Temperate conifer forests cover large parts of the northern hemisphere, often in montane areas, and are typically occupied by endemic flora and fauna communities (Jeník, 1998; Amori et al., 2019). During recent decades, these forests have experienced significant environmental changes. Climate change has increased the frequency and severity of droughts, fires, windstorms and insect outbreaks; of which conifer bark beetles are a large component (e.g., Schelhaas et al., 2003; Seidl et al., 2017). Bark beetles can be categorized as either primary or secondary bark beetles: primary bark beetles are species which successfully invade and kill healthy trees while secondary bark beetles only colonize dead or dying trees (e.g., Martikainen et al., 1999). Primary bark beetle outbreaks have increased in both severity and scale across Europe and North America in the recent decades (Hicke et al., 2016; Thorn et al., 2017). Large quantities of trees are currently killed by bark beetle attacks annually, and these events are often triggered after other disturbance events such as fires and droughts (Geiszler et al., 1984; Kolb et al., 2016). Recurring bark beetle outbreaks have changed the forest structure in regions throughout Europe and North America, creating extensive areas of dead standing trees (Müller, 2011, Bentz et al., 2009). 
Studies have been conducted with the aim of mitigating bark beetle outbreaks to prevent large-scale conifer tree mortality in the future (e.g., Fettig et al. 2007; Seidl et al., 2017). These studies vary from developing and improving methods to negate en masse colonization of trees by bark beetles (e.g., Jakuš and Šimko, 2000), to modelling approaches to predict the conditions under which future bark beetle outbreaks are more likely to happen (e.g., Hicke et al., 2006; Stadelmann et al., 2013). However, bark beetle outbreaks are a natural component of forest dynamics and it is possible that increases in outbreak frequency and/or severity may reflect the human manipulation of these natural forest systems into managed plantations (e.g., Zemek & Herman, 2001; Nagel et al., 2017).
The current bark beetle outbreaks in the Northern Hemisphere are unprecedented compared to the existing historical records (Schelhaas et al., 2003; Raffa et al., 2008), but these historical records date back only a few hundred years. Few paleoecological studies have been conducted to provide longer-term perspectives on the history of outbreaks (>200 years) of tree-killing bark beetle species in their primary habitats (Zhang et al., 1999; Morris et al., 2015; Jarvis and Kulakowski, 2015). Such paleoecological studies have great potential to provide important information on the current and future outbreaks by providing a historical baseline for the frequency and magnitude of past outbreaks and identify the conditions under which past outbreaks occurred (Froyd and Willis, 2008; Schafstall et al., 2020a). Natural forest disturbances over these longer (millennial) time scales have primarily been linked to fires identified from sedimentary charcoal (Kilgore and Taylor, 1979; Anderson et al., 2008; Carter et al., 2018). Fossil beetles have potential to be used as a proxy for paleo-reconstructions on various spatial and temporal scales, yielding proxy data for changes in vegetation composition, landscape structure and insect outbreaks (Olsson and Lemdahl, 2009; Smith et al., 2010; Whitehouse and Smith, 2010; Lindbladh et al., 2013). That said, to date there have been few attempts to reconstruct bark beetle outbreaks from sediment records (e.g., Schafstall et al. 2020a and citations therein). Reconstructing conifer bark beetle outbreaks requires large quantities of sediment to yield an abundance of fossil remains (Schafstall et al., 2020a). Previously, beetle remains from typically low volume lake sediment cores have been limited to qualitative reconstructions owing to the paucity of the fossil record recovered (Brunelle et al., 2008; Morris et al., 2015). 
To reconstruct insect outbreaks during the last millennia, this study presents a local record of fossil bark beetle remains from a small forest hollow peat sequence in the High Tatra Mountains, Slovakia. This National Park is the largest non-intervention zone in Central Europe (European Union, 2013) and is currently under pressure by human activities and climate change (Fleischer et al., 2005; Rączkowska, 2019). Several large windstorms were documented in this region over the last century and a large area of Tatra National Park was affected by a severe windstorm in 2004, and consecutive outbreaks of Ips typographus have occurred since 2007 (Nikolov et al., 2014). Parallel analysis of fossil pollen was used to detect changes in vegetation, and sedimentary charcoal was used to reconstruct past fire events, facilitating the comparison of proxies to identify past forest disturbances. Disentangling these disturbance events within the High Tatra Mountains could reveal past bark beetle outbreaks and their relation to other disturbance evidence in the region. This multi-proxy assessment of paleo-disturbance could contribute to improving the understanding of the mechanisms behind current bark beetle outbreaks in Central Europe. We aim to explore the following hypotheses:

1) Conifer bark beetle remains from small forest hollow records provide a robust local indicator record for past outbreaks.
2) Correspondence of conifer bark beetle remains with other disturbance indicators (pollen and charcoal) highlights complex interactions between the drivers of forest disturbance.


2. Material and methods
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Figure 1 The High Tatra Mountains in Slovakia (A), with the study site Diera Hollow (B; black diamond) located near the Slovak-Polish border. Map B after Nikolov et al. (2014) highlighting the area damaged by the 2004 windstorm Alžbeta. Photo of the sample site in 2017 (C).

2.1 Site area
Tatra National Park is situated in the High Tatra Mountains and forms a large transboundary UNESCO biosphere reserve between Poland and Slovakia (unesco.org). The Tatra National park was established in Slovakia in 1949. Since the end of the 19th century the region has gradually developed from a cultural landscape into a popular tourist destination (Chrenka and Ira, 2011). The eastern part of the Tatra Mountains has a sub-continental climate with average monthly temperatures between -5.3 °C – 15.4 °C (Tatranská Lomnica weather station, 830 m a.s.l). The region is densely forested with Picea abies as the predominant tree species, together with Pinus sylvestris, P. cembra, Larix decidua, Abies alba and Betula sp. (Fleischer and Homolová, 2011). Two windstorms, in 2004 and 2014, damaged thousands of hectares of trees across a large area of the Tatra National Park (Nikolov et al., 2014). A series of bark beetle outbreaks have occurred since 2004 due to an abundance of deadwood and damaged trees. Outbreaks of I. typographus were ongoing in this region at the time of sampling in 2017 and have continued to damage a significant area of (mostly) large spruce trees between 2004 and 2017. This bark beetle outbreak and subsequent damage has expanded far beyond the area which was initially affected by the windstorms (Potterf et al., 2019).

A forest hollow located on the southern slope of the High Tatra Mountains was selected for paleoecological studies to reconstruct changes in forest composition, fire events and the associated changes in abundance of primary bark beetle species over the last 1000 years. Forest hollows are waterlogged anoxic peat depressions within a forest canopy. Due to their small to moderate size (~100 – 2000 m2) the fossil remains from these sites reflect a local signal of past disturbances, ideal for local studies of vegetation dynamics (Overballe-Petersen and Bradshaw, 2011). The source area for beetle remains is estimated to be up to 400 m from the sample site (Smith et al. 2010), which is similar to the source area of 200 – 400 m for pollen and charcoal particles in forest hollows (Sugita, 2007; Bradshaw, 2013). Diera Hollow is a small forest hollow of 30 x 80 m in size and located at 982 m a.s.l., near the village Tatranská Lomnica (49.1593° N, 20.26357° E; Fig. 1). The site was heavily affected by the autumnal storm Alžbeta in 2004 and is currently surrounded by Pinus sp., Picea abies, Larix decidua, Betula sp. and Vaccinium myrtillus. Seedlings of Betula sp., Galium sp., Epilobium angustifolium and Cyperaceae were found growing on the site during fieldwork. 

2.2 Field methods
A master sediment core was extracted from Diera Hollow in 2016, with a 5 x 50 cm D-section corer (Jowsey 1965; Aaby & Digerfeldt 1986). To provide the volumes of material required for quantitative analysis of fossil beetles, a further 12 proximal sediment cores were sampled in 2017 using a gridded system (50 cm between cores), with a 10 x 50 cm D-section corer. Cores measured between 50 cm and 78 cm in total length due to variability of peat accumulation on top of the underlying bedrock. The master core (88 cm in length) was radiocarbon dated and analyzed for geochemistry (Energy-Dispersive X-Ray Fluorescence: ED-XRF), fossil beetles, fossil pollen and charcoal particles, while the additional cores were analyzed for geochemistry and fossil beetles. The master core and additional cores showed that the profile consisted completely of Carex peat, with some larger clasts from the underlying bedrock and wood fragments at the bottom of the profile. No hiatuses were registered. For further information on core correlation see Figure S2 and Schafstall et al. (2020b).

2.3 Chronology, geochemistry and subsampling
Four botanical macrofossil samples from the 2016 master core were dated in the Poznan radiocarbon laboratory and were used to establish a site chronology (Supplementary material). The absolute chronology was retrieved from the Bayesian age-depth model calculated in ‘BACON’ software (Blaauw & Christen, 2011) using the IntCal13 calibration curve (Reimer et al., 2013). All 13 cores, including the master profile, were analyzed for geochemistry on a wet-sediment basis using an Olympus Delta Professional ED-XRF mounted on the University of Liverpool Geotek Multi-Sensor Core Logger (MSCL). XRF is a common method in limnology (Davies et al., 2015) and, to lesser extent, in studies on peat profiles (e.g., Longman et al., 2019). Patterns in concentration of the atmospheric fallout pollutant Pb (Renberg et al., 2000) displayed a strongly repeatable signal. Profiles for conservative lithogenic elements (e.g., Rb) also showed strongly repeatable stratigraphic records, which facilitated cross-correlation of the cores. The master core was subsampled in 1-cm resolution, while the other 12 cores for beetle remains were subsampled according to their geochemical signals, resulting in 18 pooled samples of varying volume and temporal duration (see Figure S2).

2.4 Fossil beetle analysis
Fossil beetle preparation followed the methods described in detail by Elias (2010). Samples were wet sieved over 200 μm mesh size and the organic remains were soaked in paraffin oil and floated in water. Isolated flots were sieved at 200 μm and rinsed before being stored in ethanol (C2H5OH). Beetle remains were picked under a binocular light microscope with 10x magnification and were identified to family, genus and species level with the use of online databases (Kerbtier.de, Cassidae.uni.wroc.pl) and museum collections in United Kingdom (Plymouth City Museum and Oxford Museum of Natural History) and Czechia (Czech National Museum in Prague, the Central Bohemian Museum in Roztoky u Prahy and the Moravian Museum in Brno). A description of the complete beetle assemblage can be found in Schafstall et al. (2020b). Bark beetle (Scolytinae) remains consist of sub-fossil elytra, pronota, heads and legs. Species were classified as either primary or secondary bark beetle species, according to their ability to successfully attack and invade healthy trees (e.g., Martikainen et al., 1999). For each bark beetle taxon, the number of individuals per 100 ml of sediment sample was calculated to account for difference in sample sizes. 

2.5 Pollen analysis
Pollen analysis of the 2016 master core was performed in continuous 1 cm resolution between 1-70 cm and in 2 cm intervals for the rest of the core, amounting to a total of 78 samples. Subsamples of 0.5 cm3 were prepared with standard procedures of KOH-, acetolysis- and HF-treatment (Fægri and Iversen 1989). The samples were mounted in glycerin and a minimum of 500 terrestrial pollen grains were identified under a light microscope using a 400x magnification. Pollen identification was based on standard pollen keys (Punt 1976–2003; Beug 2004, photographic atlases (Reille 1992–1998), and the reference collection of the Institute of Botany, CAS, in Průhonice. Pollen data were plotted using the program Tilia (Grimm, 1990). 

2.6 Macroscopic charcoal analysis
Macroscopic charcoal (> 180 µm) analysis was performed in continuous 1 cm resolution on the 2016 master core to identify local fire events in the vicinity of the study site (Peters and Higuera, 2007; Higuera et al., 2007, 2010). Macroscopic charcoal was analyzed following a method adapted from Mooney and Tinner (2011). A known volume of sediment (0.5-1 cm3) was disaggregated using 20 ml sodium hexametaphosphate (Calgon™) with 10 ml potassium hydroxide (KOH) and left for a few hours. The sediment was washed gently through a 250 µm sieve, then either 1 or 2 ml of sodium hypochlorite was added to the sediment in water and left for the minimum time necessary to achieve a consistent bleaching effect up to a maximum time of overnight. The sediment was then washed gently through a 125 µm sieve to retain any fragmented particles. A light microscope and pipette were used to sort and remove any dark non-charcoal material, after which the Petri dishes were photographed using a 12-megapixel digital camera and light table. The total concentrations and influx of macroscopic charcoal counts were calculated for each sample.

CharAnalysis software was used to detect the peaks in macroscopic charcoal records indicating local fire events (Higuera, 2009, 2010; Kelly et al., 2011). First, macroscopic concentrations (particles / cm3) were interpolated to mean temporal sample resolution. Charcoal records were separated into low-frequency background component (BCHAR) and peak component using the CharAnalysis software (Higuera, 2009). To determine the background component, smoothing with LOWESS regression within a 200-year moving-window was employed. The peak component was then calculated as residuals between interpolated charcoal records and BCHAR (Cpeak = CHAR-BCHAR) and evaluated using the 99th percentile of a Gaussian mixture model in order to separate fire events reflected by charcoal peaks from the background noise. The detected peaks were screened using a minimum-count peak (p = 0.05) test in CharAnalysis.

2.7 Data analysis
[bookmark: _1fob9te]The pollen record from Diera Hollow was used to calculate a Disturbance Frequency (DF) Index (after Kuneš et al., 2019). First, pollen identified in each sample were assigned to a plant species following Beug (2004) and associated with a disturbance indicator value of that species based on the Whole‐Community DF available for Central European flora (Herben et al., 2016). The DF is expressed as mean disturbance return time based on disturbance processes including logging, cutting, mowing, herbivory, trampling, herbicide, burning, wind‐throws, soil erosion, ploughing, hoeing or burrowing. If the given pollen taxon covers several species, one species was assigned at random (weighted by the present‐day frequencies of these species). This process was repeated 100 times to provide the mean disturbance indicator value represented by the given pollen grain. The mean DF of the pollen sample was calculated as a mean of estimated disturbance frequency indicator values of all pollen grains in the sample. DF is expressed on a common logarithm scale and ranges from −2 (once in 100 years) to 0.78 (six times per year).

[bookmark: _3znysh7]Since a certain degree of correspondence among the disturbance indicators was expected, we assessed the relationships between the density of bark beetle remains, macroscopic charcoal influx and disturbance frequency index using cross-correlation functions (CCF). However, asynchronous unevenly spaced paleoecological time series, such as those analyzed here, make direct use of standard association measures impossible, as they rely on regular observations at identical time points (Chatfield & Xing, 2019). To overcome this limitation, we adopted binned correlation approach that allows to correlate irregular time series (Mudelsee, 2014). The binned correlation was performed by resampling the data into time bins on a regular grid that are assigned the mean values of the observations within these bins. To quantify the bin-widths, persistence time (memory) of the irregular series is calculated (Mudelsee, 2002) and the values are combined to an estimate of bin-width common to both compared time series. There are several rules for the calculation of bin-width from persistence times, but we used the rule based on average spacing as it showed superior performance in Monte Carlo simulations (Mudelsee, 2014). Since the bark beetle densities and charcoal fluxes showed heterogeneous variances and significant long-term trends (Mann-Kendall test; bark beetles: z = -2.01, p = 0.045 and charcoal: z = -6.65, p < 0.0001), we log-transformed and detrended linearly the variables to enhance stationarity. The analyses were performed in R (R Development Core Team, 2019) using the libraries bincor (Polanco-Martinez, 2018), ggplot2 (Wickham, 2016) and trend (Pohlert, 2018).

3. Results
3.1 Primary bark beetles
A total of 302 individuals from 22 taxa of the subfamily of Scolytinae, all conifer bark beetles, were identified from the beetle assemblages from Diera Hollow (Table 1). Primary bark beetle remains (see Table S2 for a summary of the ecology of these species) were found in higher numbers than secondary bark beetle remains; secondary bark beetles reached maximum values of 1.5 individuals per 100 ml sample but were completely absent in some of the samples. The amount of primary bark beetles per 100 ml sediment ranged between 0.3 and 5.9, depending on the sample. Primary bark beetles were more numerous around AD 900 – 1000, 1300 – 1500 and in the top sample which has a basal age of ~ AD 2000.  Three taxa of primary bark beetles; Polygraphus poligraphus (L.), Pityogenes chalcographus (L.) and Pityophthorus pityographus (Ratz.) appeared in numbers of five individuals or more in at least one of the 18 samples, while all other taxa have occurrences in low numbers of less than five individuals per sample (Table 1). The pollen and charcoal records from the 2016 master core extend from AD 590 until present, while the bark beetle record extends from AD 930 until present. For the bark beetle samples, the median between the minimum and maximum age of each sample (see Table 1) was taken to create single data points in order to compare the bark beetle record with the other proxy records.

[bookmark: _Hlk61272608]The first distinctive peak in bark beetle remains (see Table S2; Figure 2) was found in samples 17 and 18 (AD 930 – 1030), with high numbers of P. poligraphus. Starting from sample 14 (AD 1140), but most prominently in sample 12 (AD 1390), a distinctive peak in the numbers of P. chalcographus and P. pityographus was found, although these values only exceed the standard deviation (SD) for P. pityographus in sample 12 (AD 1390). Finally, samples 1 and 2 contain high amounts of P. chalcographus and P. pityographus, with numbers several times exceeding the SD of P. chalcographus in sample 1 (AD 2000 – present).



Table 1     Counts of primary (P) and secondary (S) bark beetles (Scolytinae) from the samples of Diera Hollow. The preferred host per taxon is displayed as Pinus (Pin), Picea (Pic), Abies (Ab) or Larix (Lar). The number of P and S bark beetles per 100 ml sediment of each sample is displayed at the bottom of the table. The bottom row shows the total number of identified individuals from all Coleoptera families, per sample.		
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[bookmark: _tyjcwt]Fig 2 	Summary figure showing fossil records from Diera Hollow. A disturbance frequency index based on the composition of different plant taxa in the pollen record (log-transformed), displayed with its standard deviation; a macroscopic charcoal influx (particles cm-2 year-1), with fire events marked as pluses calculated from offsets from the background signal BCHAR (red line); forestry historical records starting from AD 1800, showing documented wind throws and bark beetle outbreaks (106m3 loss of wood); primary bark beetle remains (individuals per 100 ml; single occurrences) obtained from the same locality. For a description of the ecology of identified bark beetle species, see table S2. Zones highlighted in grey correspond to the samples where high abundances of primary bark beetles were found. Pollen abundances (% terrestrial pollen sum) of the conifer host tree taxa Picea abies, Pinus spp. and Abies alba, as well as Fagus sylvatica to show changes in the broadleaved tree community. The pollen and macroscopic charcoal record extend from AD 590 until present, while the bark beetle record extends from AD 930 until present. Depth and correlated ages are displayed on the left.

3.2 Changes in dominant tree taxa
Notable changes occur in the pollen record of main conifer tree taxa, namely Picea abies, Pinus spp. and Abies alba. Fagus sylvatica was abundant in the lower part of the pollen record (AD 590 – 1300). A peak in A. alba pollen occurs around AD 1000, with pollen values otherwise remaining relatively constant between AD 590 – 1250. F. sylvatica values gradually increased until ca. AD 1300. Between AD 1300 – 1400, pollen values of A. alba, P. abies and F. sylvatica decreased significantly. Around AD 1400 a peak in the Pinus pollen curve occurs, which subsides ca. AD 1550. F. sylvatica pollen increased slightly between ca. AD 1600 – 1800 but remained at lower values. P. abies pollen increased around AD 1600 while A. alba pollen continued to decrease; Pinus pollen gradually started to increase from AD 1750. At AD 1850, P. abies pollen values reached their second maximum while Pinus pollen simultaneously showed a brief decrease. From AD 1950, Pinus pollen values were as high as around AD 1500. A. alba pollen are almost absent at this time. More detailed data from the pollen record have been published in Schafstall et al. (2020b).

3.3 Disturbance events detected by Disturbance Frequency Index 
The disturbance index (DI) shows continuously lower values before AD 1250 (Figure 2). Between AD 1250 – 1400, high values of the DI indicate an increased disturbance of the vegetation surrounding Diera Hollow. A second, more moderate period of increased vegetation disturbances occurs between AD 1550 – 1850. Between AD 1900 – 1950, a short disturbance event of similar magnitude as AD 1550 – 1850 is recorded.

3.4 Past fire events
Macroscopic charcoal influx values (particles cm-2 year-1) are higher in the oldest part of the core (AD 560 – 1450) and drop notably after AD 1450 (Figure 2). Between AD 560 – 870 values remain constantly above 4 particles cm-2 year-1 on average, after which values remain lower except for short peaks at AD 950 and AD 1220. Notable increases in macroscopic charcoal record occur between AD 1260 – 1360 with the highest amount of macro-charcoal (18 particles cm-2 year-1) around AD 1320. There is a decline in charcoal concentrations between AD 1370 – 1420, followed by another short peak around AD 1430. After this, the macroscopic charcoal concentrations decline below 2 particles cm-2 year-1 until ~ AD 1970, when there is a moderate peak in the macroscopic charcoal record. CharAnalysis detected possible nearby (<400 m) fire events between  AD 600 – 1040 as well as fire events before and after the high increase in charcoal between AD 1250 – 1400.  Further possible fire events were detected between AD 1600 and present, even though the amounts of macroscopic charcoal were much lower.

3.5 Correspondence of disturbance indicators
The cross-correlation analysis revealed significant relationships between the binned time series of primary bark beetles and charcoal at lags 1 and -2 (Figure 3a). The positive correlation at lag 1 (rxy = 0.67, p = 0.021) suggests that higher macroscopic charcoal fluxes are followed by the increase of bark beetle densities. The high negative correlation at lag -2 (rxy = -0.68, p = 0.019) may reflect a low frequency of fire events over a horizon of ~170 years after the bark beetle outbreak. However, considering the precision in the age estimates of these records (Table S2), the lagged relationships may stem also from the chronological uncertainties and we cannot rule out that dating uncertainties, rather than a real long-lasting effect, caused the lagged response.
No significant relationship was found between the binned time series of bark beetles and disturbance frequency index (Figure 3b).
In contrast, the CCF analysis showed significant positive correlations between DI and charcoal at time lag 0 (rxy = 0.35, p = 0.008) and lag 1 (rxy = 0.36, p = 0.007) and lag 2 (rxy = 0.30, p = 0.027) (Figure 3c). These results indicate the immediate positive response of DI to fire events that lasts up to ~18 years (lag 1). Also, modelled lagged correlations between DI-charcoal should be considered with caution due to the precision in the age estimates of these records.
[image: ]
Figure 3 Cross-correlation function of the binned time series of primary bark beetles and macroscopic charcoal influx (a), bark beetles and disturbance index (b), and disturbance index and charcoal (c). The estimated persistence times are 71 years for bark beetles, 31 years for charcoal and 39 years for disturbance index series. The lags are equivalent to 83 years (a, b) and 18 years (c). Dashed lines represent 95% confidence bands. Cross-correlations significant at α = 0.05 are marked with asterisks.

4. Discussion
Here we present the first fossil beetle record from Central Europe which demonstrates that conifer bark beetles, when analyzed in large quantities, can be used as a reliable proxy to reconstruct past insect outbreaks. Previously, only one fossil site from North America recorded similar amounts of primary conifer bark beetle species (Elias et al., 1991; documented in Schafstall et al., 2020a). The well-documented large bark beetle outbreak in the High Tatras after AD 2004 was clearly recorded in the sediment record, providing means to assess bark beetle remains from older samples as an indication of past bark beetle outbreaks. Therefore, within the 1400-year limit of this record, our data suggestthreebark beetle outbreaks on a 400 – 500-year frequency in the area around Diera Hollow.

4.1 The fossil bark beetle record and other records of past disturbance
Peaks in the numbers of bark beetle fossils as well as pollen and charcoal show a 1400-year long disturbance record for the High Tatra Mountains. The modern bark beetle outbreak which started after AD 2004 is apparent in the fossil bark beetle record, with a distinctive peak in numbers of P. chalcographus and P. pityographus. The post-2004 outbreaks of I. typographus affected a large area between ca. 2007 and 2017 (Potterf et al., 2019), including the area around Diera Hollow. Almost every year during this period, more than 1000 hectares of forest loss in the total area was contributed to bark beetle attacks (Havašová et al., 2017). P. chalcographus and P. pityographus appear in the same area and attack the same individual trees as I. typographus, whereas P. chalcographus maintains populations in much higher numbers than I. typographus (Jurc et al., 2006; Zubrik et al., 2008). Here, the peaks in fossil remains of P. chalcographus and P. pityographus clearly indicate the post-2004 outbreak in the area around Diera Hollow. 

Based on the proxy data for disturbance events, there appears to be a relationship between other disturbances such as fire between AD 1250 – 1400 and the higher numbers of P. chalcographus and P. pityographus fossils around the same time, although only the number of P. pityographus remains exceeds their SD (see table S2). The disturbance index (DI) is extremely high during this time (up to -1.0, indicating a disturbance event approx. every ten years), and higher values of macrofossil charcoal (8 – 16 particles cm-2 year-1) suggest that forest fires occurred in the area between AD 1250 – 1400.  The increase in macrofossil charcoal and DI coincides with the first evidence of human disturbances in the region, according to the presence of human-indicator pollen (e.g, Cerealia-type; Gaillard, 2013) as presented in Schafstall et al. (2020b). Even though no settlements have been recorded in the vicinity of the sample site, this period of increased disturbances might be linked to the Wallachian expansion (Kołaczek et al., 2020) due to the timing of these events. Directly after the period of high disturbance, several bark beetle species feeding on Pinus spp. were identified in the fossil record. As P. chalcographus and P. pityographus colonize not only P. abies but also other conifer taxa (for an overview of the ecology of the Scolytinae found in this study, see Table S3), it is likely that the peak in remains of this species is related to an increase of pine trees around Diera Hollow following the major disturbance event(s) between AD 1250 – 1400. The bark beetles, charcoal and pollen data suggest that over the past 1400 years, a significant relationship occured between bark beetle population densities and forest fires. The nature of the relationship that exists between bark beetle outbreaks and fires (charcoal), remains however elusive. Although the atmospheric Pb signal provides accurate correlation in the upper parts of the multiple cores from Diera Hollow (Le Roux et al., 2005). variation in sample sizes and resolution (see figure S2) may have caused bias to the statistical analyses, e.g., regression. 

In parts of North America, where forest fires are a common disturbance agent, relationships between forest fires and bark beetle outbreaks have been described and modelled (e.g., Jenkins et al., 2014; Sieg et al, 2017). These studies suggest that bark beetle outbreaks increase the amount of available deadwood which has been argued to increase the frequency and severity of wildfires (Page and Jenkins, 2007; Sieg et al, 2017). The peak in remains of the primary bark beetle P. poligraphus at Diera Hollow around AD 930 – 1030 exceeded its SD significantly, although no increased DI was found during this period. P. poligraphus, however, has been recorded to only cause major dieback of its host, P. abies, when the trees are severely weakened (Kraemer, 1953). There is also a possible relationship between the outbreak of P. poligraphus and forest fires. The macrofossil charcoal record suggests that several fire events took place prior to the peaks in remains of P. poligraphus but as the beetle record only starts at AD 930, it remains uncertain if the increase in P. poligraphus remains occurred before, during or after the occurrence of local fires. A profound increase in macroscopic charcoal suggests a change in fire regime between AD 1250 – 1400, alongside notable disturbances in the vegetation composition. The correspondence of these changes in fire events with greater human activity in the region is highly suggestive of human interference with or manipulation of the fire regime, either direct by controlled burning or indirect by making changes to the vegetation structure (Figure 4).The complete beetle record does not indicate human occupation in the vicinity of Diera Hollow (e.g. synanthropic species, dung beetles; Schafstall et al., 2020b) and historical records of human activity in the region (Gladkiewicz and Homza, 2003; Rączkowska, 2019) do not recount any centres of occupation in the vicinity of Diera Hollow,  Still, the pollen record (Schafstall et al., 2020b; Kuosmanen et al., under review) indicates clear human impact in the surrounding area, suggesting that changes in forest composition around Diera Hollow have been under the influence of increasing levels of human activity since AD 1250.   


[image: ]
Figure 4  An overview of the development of forest structure, fire events and bark beetle outbreaks around Diera Hollow at the foothills of the High Tatra Mountains in Slovakia, compared to a simplified estimation of regional anthropogenic activity (such as clearcutting, logging and grazing) in the region based on human-indicator pollen and historical records. Green colour equals ‘absent’, yellow equals ‘present’ and orange equals ‘increasingly’ Displayed tree taxa are Picea abies (spruce) and Pinus spp. (pine), Abies alba (fir) and Fagus sylvatica (beech). Tatra National Park (TANAP) was established in 1949.

Between AD 1500 and 2000, the DI and charcoal records suggest multiple disturbance events, however peaks in primary bark beetle remains are absent. The amount of bark beetle fossils remains low despite several reconstructed fire events and an increased DI of the vegetation between AD 1550 – 1800 and around AD 1930 (Figure 2). The area was under moderate anthropogenic pressure between AD 1500 ~ 1800, primarily under the Walachian colonization of the Slovakian uplands which led to herding intensification above the timberline and in forest glades (Gladkiewicz and Homza, 2003; Rączkowska, 2019 and references therein). Mining activities might have influenced the landscape since the 11th century and mining activity continued until the 20th century, but sources are mostly absent on the Slovak side of the mountains and Polish references show activity >10 km from Diera Hollow (Rączkowska, 2019). Forest inventory historical records are sparsely recorded since AD 1800 but more precisely recorded after AD 1900 (Figure 2; Koreň, 2006) and describe several additional windstorm disturbances in the High Tatra Mountains. These include a large windstorm in AD 1925, which also affected the area around Diera Hollow (Koreň, 2006) and could be related to the peak in the DI around AD 1930. The largest windstorms occurred in 1915, 1941, 1981 and 2004, but not all affected the area around Diera Hollow. Although the bark beetle outbreaks after the windstorm of 2004 are by far the largest recorded for this area, three previous bark beetle outbreaks are described in the historical records (Koreň, 2006). Substantial bark beetle damage was reported 30 km away to the west of Diera Hollow after the 1925 windstorm. Koreň (2006) reports two other large-scale bark beetle outbreaks before 2004 from a location approximately 10 km north of Diera Hollow, on the other side of the eastern mountain range in 1968 and the more recent one between 1993 – 1998 (Grodzki et al., 2010). Even this distance appears to have been large enough for the bark beetle outbreak to be absent in our fossil record. 

4.2 Quantifying bark beetle fossil remains to reconstruct past outbreaks
These results of a first quantitative bark beetle record for Central Europe show that the use of large amounts of sediment (~2 liters per 10 cm profile) can lead to quantitative reconstructions from forest beetle remains (e.g., Whitehouse, 2004; Olsson and Lemdahl, 2009; Zhang and Elias, 2019). Conifer bark beetles seem to preserve very well in acid peat bogs, which are in general good sites to identify fossil beetle remains (e.g., Ellias, 2010). The distinctive peak in numbers of P. chalcographus and P. pityographus around AD 2004 shows that it is possible to correlate peaks in numbers of bark beetle remains to historical outbreaks. Low numbers of I. typographus do not indicate any outbreak around AD 2004. An increase in the occurrences of I. typographus fossils from AD 1550 onward might suggest an increase in this conifer pest around the sample site, but due to low occurrences in the fossil record of 1 or 2 individuals per sample no correlation could be made. Although the absence of a species in the fossil record does not necessarily mean the absence of the species during that time, which is likely also the case for I. typographus, remains of P. chalcographus and P. pityographus are continuously present at Diera Hollow and show clear fluctuations throughout the record. Both I. typographus and P. chalcographus have been recorded in high numbers from pheromone traps during outbreaks in various locations in Central Europe; tens of thousands of specimens of I. typographus and hundreds of thousands of specimens of P. chalcographus are mentioned from different sources, with exact numbers depending on the region (Niemeyer, 1992; Jurc et al., 2006; Zubrik et al., 2008). Although P. chalcographus generally exceeds I. typographus in numbers eight- to tenfold during outbreaks, it is remarkable that no peak in I. typographus remains was recorded around AD 2004. There are, however, indications that not only high densities of its primary host Picea abies but also several other factors such as crown closure and stand age determine local concentrations of I. typographus populations (Schroeder, 2012; Økland et al., 2016; Stereńczak et al., 2020), which would complicate any quantitative fossil signal. P. chalcographus (and the less intensively studied P. pityographus) densities are primarily linked to Norway spruce stand density (Schroeder, 2012) and therefore, together with their apparent abundance in the fossil record, peaks in the fossil remains of these two species might be a more suitable proxy for conifer bark beetle outbreaks in Central Europe. 

The three reconstructed bark beetle outbreaks appear to have occurred under different relationships to other agents of disturbance. Changes in the landscape from AD 1250 onward possibly caused a change of bark beetle regimes from a closed spruce forest with P. poligraphus as dominant bark beetle species to a semi-open forest landscape dominated by I. typographus, P. chalcographus and P. pityographus. The high abundances of several tree-killing bark beetle species at Diera Hollow show that it is beneficial to consider multiple beetle species in addition to the main disturbance agent I. typographus to understand the disturbance conditions. As multiple species of primary bark beetle can increase in population size during an outbreak of the main bark beetle (Schroeder, 2012), several species could be targeted in the search for past bark beetle outbreaks. 

Just like other studies based on fossil beetle remains, bark beetle fossil remains provide a highly detailed but strictly local signal of past outbreaks and for more regional reconstructions several sites would need to be studied. Historically documented outbreaks that occurred around 10 km away from the sample site (Grodzki et al., 2010) were not captured in the sediment record at Diera hollow, confirming that those outbreaks were too far away to generate a noticeable peak in the bark beetle record. For regional studies on the frequency and magnitude of bark beetle outbreaks, multiple records from areas where recent bark beetle outbreaks took place should be considered. 

4.3 Bark beetle outbreaks and ecosystem services in temperate mountain forests
The 1000-year bark beetle record from this study is an important step in the development of new proxy records for long-term forest dynamics in Central Europe, adding to recent studies on vegetation development and fire events in this region (e.g., Jamrichová et al., 2017; Feurdean et al., 2017; Carter et al., 2018). Bark beetle remains were found in Late Glacial sediments (Schafstall et al., 2020a and references therein) and have likely been part of forest ecosystems for millions of years (Kirejtshuk et al., 2009). Yet, recent bark beetle outbreaks have been perceived as intensive and beyond the natural background signal by local authorities. The Slovakian government supported a large-scale salvage logging project to mitigate bark beetle outbreaks in the High Tatra Mountains after 2005 (Nikolov et al., 2014; Havašová et al., 2017). Controversy remains about the long-term effects of these management actions (Vanička et al., 2020) such as the delay of natural regeneration on the affected plots (Michalová et al., 2017) and the effects on water circulation by an increase in forest infrastructure (Fidelus-Orzechowska et al., 2018). There is currently an increase in studies that argue for the positive role of primary bark beetles as keystone species in forest dynamics in Central Europe, as they create new gaps in the vegetation which support biodiversity (e.g., Müller et al., 2008; Horák et al., 2016; Kameniar et al., 2021). Additionally, a range of recent studies highlights the negative effects of salvage logging on forest biodiversity, such as bird species (Mikoláš et al. 2017), saproxylic insects (Kozák et al., 2021), fungi and other specialist species that require a diverse forest structure with high amounts of deadwood (e.g., Zemanová, 2017; Thorn et al., 2018). The relevance of suppressing bark beetle outbreaks in commercial forests is foremost understandable (e.g., Toth et al., 2020), but bark beetle attacks do not necessarily have a negative impact on the forest ecosystem, as was found in particular in studies on the long-term effect of large disturbances on forest biomass (Trotsiuk et al., 2016; Seedre et al., 2020), forest hydrology (Kopáček et al., 2020) and water quality (Beudert et al., 2014). While most arguments about bark beetle attacks as a negative effect on ecosystem services are currently contradicted by other studies, the perception of the public and of policy makers on bark beetle outbreaks generally remains negative (Werner et al., 2006; Müller, 2011; Mikusiński and Niedziałkowski, 2020). It has become increasingly important to educate the general public as well as policy makers about the social-ecological implications of bark beetle outbreaks (e.g., Morris et al., 2017). Recent dendroecological studies on European primary Picea forests show that increasingly common high-severity disturbances are not only a result of climate change and should be reinterpreted considering legacy effects (resulting in increased susceptibility e.g., Schurman et al. 2018). In contrast with the literature on stand scale natural disturbance reconstructions (e.g., Szewczyk et al., 2011), recent landscape level studies show that large scale natural disturbances historically occurred in primary (unmanaged) forest landscapes (Svoboda et al., 2014; Janda et al., 2017). This study contributes to the conception that bark beetle outbreaks, even in their unprecedented magnitude, are acting as a natural disturbance agent in temperate conifer mountain forest (e.g., Kulakowski, 2016). On a longer time scale, such bark beetle outbreaks would likely be one of the drivers to promote a dynamic ecological system typical for temperate conifer ecosystems, with higher tolerance to our current climate (Kulakowski et al., 2017). Therefore, the stakeholders of Tatra National Park and any other national park in Central Europe would be advised to adopt other management practices than salvage logging as reactions to bark beetle outbreaks.

5 Conclusions
This study presents the first sub-fossil record with high numbers of conifer bark beetle remains in mountain spruce forests of Central Europe. Large amounts of sub-fossil conifer bark beetles from a 1000-year long peat record from a forest hollow in the High Tatra Mountains, Slovakia were compared with indications of disturbance derived from pollen and charcoal records. High numbers of the primary bark beetles P. chalcographus and P. pityographus were found in the top samples of the sediment core and correlated to the large bark beetle outbreak which started in this region after a windstorm in 2004. Between AD 1140 – 1500 elevated numbers of P. chalcographus and P. pityographus likely indicate outbreaks on Pinus spp. trees during the ecological succession that occurred after a large disturbance around the sample site. High occurrences of P. poligraphus around AD 930 are likely indicators of an outbreak of this species, although no changes to the vegetation structure were recorded during this period. The main disturbance agent I. typographus was only found in very low numbers (1 or 2 individuals per sample) and no increases in numbers were found in the top samples. Although outbreaks of P. chalcographus and P. pityographus do not cause major mortality of mature P. abies trees, their high abundance and direct relation to densities of the host tree species, potential render these species a more accessible proxy record for bark beetle outbreaks than the remains of I. typographus. A significant correlation between bark beetle and macroscopic charcoal densities highlights the role of bark beetles in the natural disturbance regime of this region. Comparison with historical records of outbreaks in the region during the last 100 years suggests that only nearby outbreaks (<10 km) were recorded in our record, however additional studies would be required to confirm this. Our study shows that in the High Tatra Mountains, bark beetle outbreaks were a natural part of the forest dynamics that developed with the increase in anthropogenic activity.  Over a timescale of decades to centuries, bark beetle outbreaks are likely to be one of the key drivers that promote ecological stability and higher resilience of these temperate conifer ecosystems.
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Table S1    Radiocarbon dates from master core DIE-16, taken in 2016 from Diera Hollow, High Tatra Mountains, Slovakia. Results provided by Poznan radiocarbon laboratory. The 14C ages were calibrated with the IntCal13 curve (Reimer et al., 2013) within a Bayesian age-depth modelling routine ‘BACON’ (Blaauw and Christen, 2011), which modelled all age information, including the sediment surface, using a Student-t distribution that accounted for scatter and allowed statistical outliers. 

	Laboratory ID
	Dated material
	Sample depth (cm)
	Measured C14 age (yr BP)
	IntCal13 curve; 95.4 % confidence interval; cal. AD
	Median cal yr (AD)

	Poz-91232
	Carex seeds
	22-23
	230 ± 30
	1530-1539 (0.9 %)
1635-1684 (44.7 %)
1736-1805 (39.2 %)
  1935-... (10.6 %)
	1786 AD

	Poz-91233
	Carex seeds
	43-44
	335 ± 30
	1475-1641 (95.4%) 
	1558 AD

	Poz-91235
	Carex seeds
	65-66
	830 ± 30
	1160-1264 (95.4%)
	1212 AD

	Poz-91236
	Carex seeds
	87-88
	1470 ± 30
	545-645 (95,4%)
	595 AD
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Figure S1 Age-depth model based on four radiocarbon dates (Table S1) of master core DIE-16.  Calibrated with the IntCal13 curve (Reimer et al., 2013) within a Bayesian age-depth modelling routine ‘BACON’ (Blaauw and Christen, 2011), which modelled all age information, including the sediment surface, using a Student-t distribution that accounted for scatter and allowed statistical outliers. The Bayesian analysis (Christen and Perez, 2009) partitioned the core into three sections (31.3 cm thick) estimating the accumulation rate for each segment using a Markov Chain Monte Carlo (MCMC) approach. The modelling was constrained by a prior model of sediment accumulation rate (a gamma distribution with mean 20-year cm-1 and shape 1.5) and its variability (memory, a beta distribution with mean 0.2 and shape 20).


Table S2    Values for the three primary conifer bark beetle species Polygraphus poligraphus, Pityogenes chalcographus and Pityophthorus pityographus (individuals/100 ml) which occurred in numbers of five or more in at least one of the samples in the fossil beetle record of Diera Hollow. The medians of sample ages are shown. The Z-score is a measure for the number of standard deviations above or below the mean. Z-scores higher than 1 are displayed in bold.
	Sample
	Age (AD)
	P. Poligraphus
	P. chalcographus
	P. pityographus

	 
	 
	#/100 ml
	Z-score
	#/100 ml
	Z-score
	#/100 ml
	Z-score

	1
	2009
	0.181818
	-0.1386
	2.363636
	3.3174
	1.454545
	3.5337

	2
	1985
	0
	-0.4858
	1
	0.8574
	0.25
	-0.1814

	3
	1960
	0
	-0.4858
	0.2
	-0.5858
	0.2
	-0.3356

	4
	1925
	0
	-0.4858
	0.125
	-0.7211
	0.125
	-0.5669

	5
	1870
	0.083333
	-0.3267
	0.083333
	-0.7963
	0.083333
	-0.6954

	6
	1825
	0.1
	-0.2949
	0.2
	-0.5858
	0.1
	-0.644

	7
	1775
	0
	-0.4858
	0.214286
	-0.5601
	0.071429
	-0.7321

	8
	1720
	0.153846
	-0.192
	0.230769
	-0.5303
	0.230769
	-0.2407

	9
	1670
	0
	-0.4858
	0.461538
	-0.114
	0.076923
	-0.7152

	10
	1620
	0.142857
	-0.213
	0.571429
	0.0842
	0.071429
	-0.7321

	11
	1550
	0.0625
	-0.3665
	0.8125
	0.5191
	0.25
	-0.1814

	12
	1445
	0
	-0.4858
	1
	0.8574
	0.75
	1.3608

	13
	1330
	0.066667
	-0.3585
	0.866667
	0.6168
	0.333333
	0.0757

	14
	1205
	0.1
	-0.2949
	0.8
	0.4966
	0.4
	0.2813

	15
	1095
	0.083333
	-0.3267
	0.166667
	-0.646
	0.166667
	-0.4384

	16
	1055
	0.181818
	-0.1386
	0.272727
	-0.4546
	0.181818
	-0.3916

	17
	1005
	1.5
	2.3787
	0
	-0.9467
	0.428571
	0.3694

	18
	955
	1.923077
	3.1866
	0.076923
	-0.8079
	0.384615
	0.2338

	Mean
	 
	0.254403
	 
	0.524749
	 
	0.308802
	 

	SD
	 
	0.523646
	 
	0.554322
	 
	0.324229
	 






Table S3  Description of the ecology of primary bark beetle species (invading healthy trees), identified at Diera Hollow. Bark beetle ecology after Pfeffer (1989).
	Bark beetle species
	Ecology 

	Ips typographus (L.)
	Feeds mainly on Picea abies; can form outbreaks when large amounts of weakened wood (wind, snow, draught etc.) are available. Large outbreaks have occurred throughout Europe in the last decades.

	Polygraphus poligraphus (L.)
	Feeds mainly on P. abies; attacks dense, depressed stands of trees. No severe outbreaks have been recorded, but it can be an important disturbance agent locally.

	Pityogenes chalcographus (L.)
	Feeds on P. abies, as well as on other coniferous tree species (Pinus, Abies, Larix). Infestation of crown or branches is preferred but it also infests trunk parts. Outbreaks have been recorded, killing young trees at plantations and young stands.

	Pityophthorus pityographus (Ratz.)
	Feeds mainly on P. abies, but also on other coniferous tree species (Pinus, Abies, Larix); only in the crown or branches. No severe outbreaks were recorded in any historical records.

	Tomicus minor (Hartig)
	Feeds on Pinus spp., attacking upper trunk part of weakened trees. Damaging mature trees by maturation feeding in fresh shoots. 

	Pityogenes bidentatus (Hbst.)
	Feeds mainly on Pinus spp., attacking crowns and branches. Frequent species, but no significant damage to forest stands was recorded in any historical records.

	Pityogenes quadridens (Hartig)
	Feeds on Pinus spp., attacking crowns and branches. No significant damage to forest stands was ever recorded.

	Ips acuminatus (Gyll.)
	Feeds on Pinus spp., attacking upper trunk part of weakened trees, with severe outbreaks in dry periods.  Large outbreaks have occurred in the last years.

	Pityokteines vorontzowi (Jakob.)
	Feeds on Abies alba. Responsible for fir dieback in southern and Central Europe, together with other Pityokteines species.





Figure S2a    Comparison of the atmospheric lead (Pb) signals of core Die11 with the master core Die2016 which was radiocarbon dated at four different depths (three radiocarbon dates visible as stars in this figure: see Table S1; Figure S1; Schafstall et al. 2020b). The cores were divided into five zones (red lines) according to the atmospheric lead signal (Pb; Fig. S2b) and, primarily for the lower part of the cores, according to iron (Fe; Fig S2c) and rubidium (Rb; fig S2d) concentrations. Cores Die1-Die10 and Die12 were correlated to Die11 in a similar way by wiggle-matching. Zones were divided in three or four samples, where possible in accordance with their geochemical signals. The lowest two zones were often less straightforward to distinguish and evenly divided in four samples. This resulted in 18 samples of unequal size. Depths of the upper and lower boundaries of each sample (red and grey bars in core Die11) were extrapolated to the depths of the master core and then compared to the age-depth model from the master core (See figure S1) in order to determine the upper and lower age boundary of each sample. 
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Figure S2b   Atmospheric lead (Pb) curves (ppm) of the master core Die16 and the additional 12 cores, which were wiggle-matched to allow for subsampling and pooling of samples of the 12 additional cores. The y-axis represents the length of each peat core.
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Figure S2c   Iron (Fe) curves (ppm) of the additional 12 cores, which were wiggle-matched to allow for subsampling and pooling of samples of the 12 additional cores. The y-axis represents the length of each peat core.

[image: ]


Figure S2d   Rubidium (Rb) curves (ppm) of the master core Die16 and the additional 12 cores, which were wiggle-matched to allow for subsampling and pooling of samples of the 12 additional cores. The y-axis represents the length of each peat core.
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