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Spruce is the most cultivated tree species in modern forestry in Central Europe, since it has the ability to grow on many soil types with profitable biomass accumulation. However, even-aged and uniform spruce forests are affected by recurring droughts and associated biotic stressors leading to large-scale diebacks across Central Europe causing controversies among foresters and nature conservationists. We investigate the role of spruce in historical woodlands by using 15666 spruce timbers from historical buildings and on the basis of pollen-based land cover estimates using the REVEALS model from 157 pollen sites in southern Central Europe. Start and end dates of the spruce timber samples and their dendrological characteristics (age, growth rates and stem diameters) were used to obtain information on past forest structures. Tree rings and REVEALS estimates are combined at a spatial scale of 1° × 1° resolution, grouped in four sub-regions, and a temporal resolution of 100-year time windows starting from 1150 to 1850 CE. We found that spruce dominates the species assemblage of construction timber with almost 41% and that the harvest age varies little through time, whereas a declining trend in growth rates and stem diameters are observed toward times before modern forestry. Temporal and regional differences in spruce abundance and building activity were found highlighting periods of (i) land abandonment and forest expansion in the 14th century, (ii) increased wood consumption during the 16th century due to population increase and beginning industrial developments, (iii) a forest recovery during and after the Thirty years' war, and (iv) afforestation efforts from the 1650s onwards. Furthermore, this study shows that spruce was constantly present in the study area in most studied sub-regions for the last 800 years. We demonstrate the need of combining tree-ring and pollen data to identify spatiotemporal patterns in spruce abundance and utilization.
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INTRODUCTION

Norway spruce (Picea abies (L.) H. Karst.) is considered native to the boreal and subalpine conifer forests and covers mountain regions in Central Europe and vast areas in northern and eastern Europe (Caudullo et al., 2016). Its natural distribution ranges from the Balkan peninsula in the southeast, to the Scandinavian peninsula in the northwest, and east-west from the French Alps to the Ural Mountains. East of the Ural Mountains, Norway spruce (Picea abies spp. abies) is replaced by Siberian spruce (Picea abies spp. obovata), however, hybrid forms exist. In the Balkan peninsula, Serbian spruce (Picea omorika (Pančić) Purk.) is endemic and occurs in small populations in Serbia and Bosnia and Herzegovina.

In Europe, Norway spruce naturally dominates forests in the montane and subalpine zones. The altitudinal range spans from sea level in northern and eastern Europe to above 2300 m above sea level (asl) in the Italian Alps (Jansson et al., 2013). Spruce can grow and achieve good yields and high wood qualities at different site conditions and soil types but it is mostly found on acidic soils. However, the species prefers deep nutrient-rich and moist soils. It can occur as a pioneer species and as a partially shade-tolerant species it can be a natural main or secondary tree species. Spruce can compete with Scots pine (Pinus sylvestris L.) on dry conditions, European beech (Fagus sylvatica L.) and European silver fir (Abies alba Mill.) on cool conditions at mid elevations (800–1800 m asl), and with European larch (Larix decidua Mill.) and Swiss stone pine (Pinus cembra L.) at high elevations (1800–2100 m asl) (Caudullo et al., 2016).

Norway spruce likely spread from two late-glacial refugia, one in western Russia (region of Moscow) and one in the Alps and the Carpathians (Huntley and Birks, 1983), toward Fennoscandia (Russian population), and toward western and northern Europe (eastern European population), respectively (Björkman, 1996; Giesecke and Bennett, 2004; Seppä et al., 2009; Jansson et al., 2013; Giesecke et al., 2017). For the regions of Bavaria, southern Germany, and Bohemia, Czech Republic, first Holocene pollen of Norway spruce (and hereafter referred to as spruce) were recorded 10500 to 10000 years ago at high elevations (> 900 m asl), whereas the species appeared to be dominant in the forests at high- and mid-elevations (ca. 700–900 m asl) over the past 9000 years (Carter et al., 2018). According to pollen-based land cover models and in particular the REVEALS model (Sugita, 2007; see method chapter), the abundance of spruce in the Bohemian and Bavarian Forests increased to more than 50% of the total regional land-cover from 9000 cal. years BP (Carter et al., 2018). In southernmost Germany, at the borders between Germany, Austria and Switzerland, the grid-based REVEALS reconstructions show a regular increase of spruce abundance to 17% at about 6700–7200 cal. years BP (see grid 4 in Marquer et al., 2017). This is further supported by the work from Burga and Hussendörfer (2001) who first observed spruce pollen between 7500–6500 cal. BP in eastern Switzerland, and from Latałowa and van der Knaap (2006) who recorded the first spruce pollen from 7000–6000 cal. years BP in south-western Germany (southern Black Forest) and north-eastern Switzerland (Thurgau). In the southern Black Forest first pollen evidence starts 9000 BP, together with silver fir and beech, but spruce became a minor component of the forest after 3000 BP (Knopf et al., 2019). REVEALS reconstructions also show relatively low abundances (maximum of ca. 8 %) of spruce through the Holocene for the southern Black Forest and northern Switzerland (Marquer et al., 2017, grid 5) and the central and northern Black Forest (Marquer et al., 2017, grid 3), except for the last centuries when the abundances greatly increased (Marquer et al., 2017). Traditional pollen data demonstrate that the species colonized central and western Switzerland (south-western Jura mountains) at around 4500 cal. BP (Burga and Hussendörfer, 2001) while at the same time, it further expanded to central and eastern Germany (6000–5000 BP) (Latałowa and van der Knaap, 2006). During 3000–2000 BP it was established in the Vosges Mountain, France (Kalis, 1984; Burga and Hussendörfer, 2001; Latałowa and van der Knaap, 2006). In the northern Black Forest, spruce expanded much later, after the late medieval period (Rösch, 2012), whereas in the eastern Black Forest with a rather continental climate, spruce was established before silver fir and beech but was later replaced by those (Sudhaus, 2005). During 1000–0 BP the species was found in western Germany, Luxemburg, eastern Belgium, and northern Germany and only low occurrences throughout were observed in northern and eastern Germany, Poland, Denmark, Belgium (Latałowa and van der Knaap, 2006). Lang (1994) estimated for spruce a general migration rate of 60 to 130 meters per year. So far, our understanding of the history of spruce abundance mainly relies on traditional qualitative pollen data and only a few REVEALS reconstructions, which more realistically captures plant abundance in landscapes (Marquer et al., 2014).

In Central Europe, especially in Germany, spruce has been cultivated since the beginning of the 18th century and planted outside its natural distribution range in the lowlands (Spiecker, 2003; Jansen et al., 2017; Schmidt, 2017), which lead to a transformation of natural forests (Jansson et al., 2013). Nevertheless, a planned afforestation of coniferous species, including spruce, was conducted around Nuremberg (Bavaria) in as early as the 14th century (Warde, 2006; Enderle et al., 2021). Systematic large-scale spruce afforestation, however, was practiced from the 19th century onwards (Schmidt-Vogt, 1977; Schmidt, 2017).

Spruce wood has favorable mechanical properties such as good strength and elasticity, in relation to its low weight (mean density is 470 kg/m3) (e.g., Karopka, 2017). It is therefore suitable for a variety of purposes from construction timber to the production of furniture and instruments. With its long fibers (tracheids), it is furthermore important for manufacturing paper of high strength. This universal use in tandem with its fast growth made spruce the most commonly planted tree species in many European regions. Today, the importance of spruce in future silviculture is intensively discussed since the species suffers severely under recent climate change.

To better understand the history of spruce quantitative information are needed. For this purpose, new REVEALS reconstructions with a higher temporal resolution have been performed at a grid cell scale of one degree for southern Germany, north-eastern France, northern Switzerland, Austria, northern Italy, and western Czech Republic (Supplementary Figure S1) for centennial time windows. Results were compared with tree-ring data, i.e., start and end dates and tree growth characteristics, of absolutely dated spruce timber. This combination of tree rings and REVEALS reconstructions aims at providing new insights about a long-term context of spruce abundance and distribution, and its role in Central European forests in terms of forest structure and wood utilization.



MATERIALS AND METHODS


Tree-Ring Data

We compiled 18031 dendrochronologically dated and georeferenced spruce timber samples, predominantly from historical buildings, covering areas within and outside the present species' natural distribution range in southern Germany, Switzerland and north-eastern France (Figure 1). From this data, we used start dates, the year of the first measured ring, and end dates, which is the year of the last measured ring. End dates were used as the majority corresponds to felling dates, that is, the last measured ring has a waney edge, and thus is the last formed ring before tree felling (Supplementary Figure S2). From this compilation, a total of 15666 end dates cover the 1150–1850 period and the region 7° to 13° E and 47° to 51°N, which were used for further analysis. We assume that the majority of the utilized spruce trees originate from regional forests. The study period is restricted to 1150–1850 due to insufficient and thus non-representative data replication before and after this time span.
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FIGURE 1. (A) Location of spruce tree-ring (turquois dots) and pollen data (black dots) used in this study. The elevation map (see legend for color) is superimposed by the natural distribution of Norway spruce (Picea abies) (orange areas) (source: http://www.euforgen.org/species/picea-abies/). (B) Start dates and (C) end dates with significant shifts in their temporal distribution (regime shifts) from historical spruce timber for the region within (orange bars, yellow line) and outside (gray bars, black line) the natural distribution of spruce. (D) Main tree species used as timber in constructions during the period 1150 – 1850.


To demonstrate the significance of spruce for construction wood, the end dates of all other important timber species for the same region and period (4086 pines, 9212 firs, 9315 oaks and 33 beech trees) were used for comparison.

Start and end dates were aggregated into periods of 100 years for comparison with the pollen-based land cover data. All data were made available by the authors whereas the data compilation for spruce was complemented with tree-ring data from Wilson et al. (2004), which was accessed from the International Tree-Ring Databank (ITRDB).



REVEALS: Pollen-Based Vegetation Estimates

The study area covers similar regions as the temporally continuous Holocene REVEALS reconstructions for Europe published by Marquer et al. (2017) and more recently by Githumbi et al. (2021). These reconstructions provide quantitative estimates of the regional plant abundance based on pollen records at a 1° × 1° spatial scale and for time slices of 500 years, except for the three most recent time slices covering the last 700 years. For a comparison with information based on tree rings (annual resolution), the temporal resolution of the pollen-based reconstructions should be increased (i.e., smaller time slices). Several tests have been performed to get a good compromise between an increase of the temporal resolution and a reliable pollen count per time slices. The higher the pollen count is, the lower the uncertainties in the REVEALS reconstructions are. The results show that an increase of the temporal resolution from 500 years to 100 years is reasonable. The minimum number of pollen grains per time slice is 400.

For the REVEALS runs, we used 157 pollen records (see Supplementary Table) selected from the NEOTOMA database (https://www.neotomadb.org/) and European Pollen Database (http://www.europeanpollendatabase.net/index.php). These pollen archives were grouped into 31 grid-cells of 1° × 1° (Supplementary Figure S1). REVEALS has been applied at a temporal resolution of 100 years per time slice for the last 2000 years. We considered 25 plant taxa and all available pollen records (mainly from lakes, bogs and mires) distributed within the 1° × 1° area of each grid. Note that pollen records from multiple sites (lakes or bogs; small and large) are suitable for reliable REVEALS reconstructions (Trondman et al., 2016). The age-depth models are all published and the site selection included the presence of a minimum of three radiocarbon dates. The radiocarbon dates can be situated within the time interval 1150 to 1850 and/or a larger time interval. In general, the higher the number of dates to build an age-depth model, the better the chronology is. All chronologies are transformed to years CE/BCE for the comparison with the tree-ring data.

The aim of the REVEALS model is to correct the non-linear nature of pollen-vegetation relationships when expressed as percentages, by considering the inter-taxonomic differences in pollen productivity, dispersal, and depositional characteristics. The methodological protocol for running REVEALS follows the ones used in the LANDCLIM I and II projects (Gaillard et al., 2010; Trondman et al., 2015; Marquer et al., 2017; Githumbi et al., 2021). The Relative Pollen Productivity estimates and Fall Speeds of Pollen used for the 25 plant taxa are those of the standard 2 published by Mazier et al. (2012) (Table 1). The spatial extent of the reconstruction (Z max) is fixed at 50 km radius around the central point of each grid cell, mean wind speed is 3 m/s, atmospheric conditions are defined as neutral (no turbulences) and a Gaussian Plume Model (GPM) is used as pollen dispersal model. The pros and cons of using a GPM as dispersal scheme for pollen can be found in Marquer et al. (2020). The resulting REVEALS estimates are the plant abundance of each of the 25 plant taxa expressed as proportion of the total land cover for each grid, the related standard errors are also provided by REVEALS. We used the REVEALS model version LRA.REVEALS.v6.2.4.exe (Sugita, unpublished).


Table 1. Taxa and groups of taxa used for the REVEALS reconstructions.
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Statistics and Comparative Analysis

The locations of the tree-ring spruce data were mapped using ArcGIS 10.6 (ESRI, 2017). The numbers of the dendrochronologically obtained start and end dates for each timber were aggregated for each year from 1150 to 1850. For the two sub-sets of data, i.e. within and outside the species' distribution limit, significant temporal changes in the number of start and end dates were assessed by using the sequential algorithm developed by Rodionov (2004, 2006), which considers autocorrelation and significant shifts at the 95% significance level. The Regime test shift software (version 6-2) is a macro code which runs in an Excel environment. Shifts, i.e., changes in trends, are identified using a cut-off length of 50 years by excluding the 10 first and last years of each series.

To investigate past forest structures and harvest times, the mean tree age, the average growth rates (AGR), and mean tree diameter were calculated using the tree-ring width information of each timber. It has to be noted that the exact location of the sampling within the stem is unknown in historical material.

For the comparison, REVEALS estimates, as well as start and end dates of the spruce tree-ring data were mapped with a grid resolution of 1° × 1° for 100-year periods from 1150 to 1850 CE. Since the spatial distribution of the REVEALS estimates and tree-ring data do not entirely overlap (see Figure 1), we grouped the data into four larger sub-regions, enabling a direct comparison. For the four sub-regions (Northwest: 7°-10°E, 49°-51°N; Northeast: 10°-13°E, 49°-51°N; Southwest: 7°-10°E, 47°-49°N; Southeast: 10°-13°E, 47°-49°N) and the entire study region, REVEALS land-cover categories have been defined and end dates for the main construction timbers were calculated for 100-year periods beginning at 1,050 CE.

The REVEALS land-cover categories are spruce (Picea), other conifers (Abies, Pinus and Juniperus), broadleaves (Alnus, Betula, Carpinus, Corylus, Fagus, Fraxinus, Quercus, Salix, Tilia, Ulmus), open land (Artemisia, Calluna, Cyperaceae, Filipendula, Gramineae, Plantago lancelota, Plantago media, Plantago montana, Rumex acetosa) and arable land (Cerealia, Secale). We use the pollen types Picea, as it is not possible to identify the different species within this genus based on pollen morphology. However, as Picea abies is the only species present in our study region, it can be assumed that the pollen type Picea refers to Picea abies. Regarding tree-ring data, while spruce was kept separately, we developed the category conifers comprising of fir and pine and broadleaved species which includes predominantly oak and a few beech samples.




RESULTS


Spatiotemporal Variations in Spruce Construction Timber

Within the study area, the majority of spruce tree-ring samples were obtained for southern Germany (southern Baden-Württemberg and Bavaria), and northern Switzerland with clusters around Basel, Zurich and Lake Constance, and north-eastern Switzerland (Figure 1A). The number of spruce timbers used for buildings slightly increased from the beginning of the 15th century, in particular outside its natural range, and remained stable until around the 1520s (Figures 1B,C). A new increase in the spruce utilization followed until the Thirty years' war (1618–1648), after which spruce as construction material was highly abundant. Generally, a higher number of spruce samples were recorded outside compared to within its natural distribution range. The general trends in construction activity are similar and the number of end dates lag by a few decades the number of start dates (Figures 1B,C). Following the period after the Black Death (1347–1351), an increase in the establishment of spruce can be observed particularly outside its natural distribution, which lasted about 50 years. An increase in spruce establishment occurred after ca. 1450, which remained high outside the species' distribution until the 1600s (Figure 1B). During the Thirty years' war, a reforestation occurred resulting in an increase in the spruce establishment across the entire study region.

Comparing the different species used in constructions from 1150 to 1850, spruce dominated the entire dendrochronological dataset with 40.9% (Figure 1D). Other frequently used species for construction in southern Germany and northern Switzerland were oak and fir with almost identical proportions of 24.3 and 24%, respectively, followed by pine (10.7%) and only few beech timbers (0.1%). Conifer wood (75.6%) clearly outweighed deciduous species (24.4%) in construction timber throughout the study period.



Spatiotemporal Variations in Spruce Timber Quality

For the entire study region, the utilized timber showed similar median (maximum) ages throughout the period 1150 to 1850 ranging from 70 (150) years during the period 1150–1250 to 62 (120) years during the period 1750–1850 (Figure 2A). For the period 1350–1450, the youngest spruce trees with a median (maximum) age of 55 (98) years were harvested. During this period, also the highest mean AGR (2.2 mm/year) was observed, whereas growth rates were otherwise constant from 1250 onwards (mean AGR during 1250–1850 is 1.9 mm/year) (Figure 2B). Only during the period 1150–1250, spruce grew on average 1.2 mm per year. Also, mean stem diameters are lowest (18.5 cm) during that early but low replicated period (Figure 2C). A general decreasing trend in median (maximum) stem diameter is found from 25.1 (44.5) cm during 1250–1350 to 22.7 (37.4) cm during 1750–1850.
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FIGURE 2. Temporal distribution of (A) tree age, (B) average growth rates (AGR), and (C) tree diameter for the dendrochronologically dated spruce timber shown for 100-year periods and for the four sub-regions [northwest (NW), northeast (NE), southwest (SW) and southeast (SE)] and the entire study region. Numbers of spruce samples for each 100-year period is indicated by numbers (in italic) in (C).


There are regional differences in mean tree age, AGR and mean tree diameter across the sub-regions and periods. For the north-western sub-region, except for the early 1350–1450 period, mean tree ages likely increased from 58 years from 1450–1550 to about 70 years during 1650–1850. This coincided with a general decreasing trend in mean AGR from 2 (1350–1450) to 1.65 mm/year (1750–1850), whereas the mean stem diameters remained at a constant level of about 21.6 cm (mean for 1350–1850).

For the north-eastern sub-region, mean tree ages remained stable during the period 1250–1850 with lowest ages during 1350–1450 (median of 56 years, maximum of 98 years) and highest ages during 1750–1850 (median of 71 years, maximum of 134 years). At the same time, mean (to a lesser extent also median) AGR values are slightly declining from 2.1 mm/year (1250–1350) to 1.8 mm/year (1750–1850). Median (maximum) stem diameters are constant throughout at ca. 22 (36) cm except for the early 1250–1350 period (median of 25.4 cm).

Similar trends as for the entire region are observed for the south-western sub-region. Here too, median (and maximum) ages for the spruce timbers were found to be declining from the period 1250–1350 (median 60 years, maximum 133 years) toward the period 1750–1850 (median of 56 years, maximum of 99 years). Mean AGR is increasing from the period 1150–1250 (1.1 mm/year) to the period 1350–1450 (2.5 mm/year) and subsequently declining until 1750–1850 (2.1 mm/year). Except for the period 1150–1250, mean stem diameters become smaller from the period 1250–1350 (26 cm) to the period 1750–1850 (23 cm).

For the south-eastern sub-region, except for the early periods from 1150 to 1350 where an increase in mean (median) age of up 124 (108) years, a comparable low mean (median) AGR of 1.2 (1) mm/year, and increasing mean (median) stem diameters of 25.7 (25) cm are observed, the timber properties barely vary until 1850 (mean age = 66 years, mean AGR = 1.9 mm/year, mean stem diameter = 23.8 cm) (Figures 2A–C).



Temporal Changes in Spruce Cover and Building Activities

REVEALS estimates for spruce and the main land cover categories are compared to spruce utilization (i.e., end dates of the dated timber) for the study area and four sub-regions from 1050 to 1950 (Figure 3). Regarding the entire study region, spruce abundance varies between 10 and 15% of the total regional land cover from 1050 onwards, whereas an increase in the last 200 years is observed (Figure 3B). At the same time, abundances of other coniferous and broadleaved trees show a declining trend from almost 60% to ca. 35% while areas of open land increased from ca. 30 to 50% (Figure 3B). Arable land varied slightly over time and decreased between 1850 and 1950. Regarding the tree-ring data, an increase in the number of end dates is observed for all species from 1250 onwards, whereas spruce accounts for almost half of all timber. A strong increase in the number of timbers is found from 1650 onwards.
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FIGURE 3. (A) Study area and its four sub-regions [northwest (NW), northeast (NE), southwest (SW) and southeast (SE)] for which (B–F) REVEALS estimates for spruce (left panels) are compared to the number of end dates from dendrochronologically dated spruce timber (right panels). REVEALS estimates for other coniferous and broadleaved plant covers, open land and arable land are also shown.


Taking regional variations into account, different trends can be observed for the four sub-regions (Figures 3C–F). For the north-western sub-region, spruce abundance and spruce timber was not found prior to 1550 (Figure 3C), whereas increasing building activity was recorded from 1250 onwards. Other coniferous and broadleaved species were used as building material in this region which is generally dominated by open and agricultural land cover.

The north-eastern sub-region displays strong changes in the vegetation cover from over 70% forest cover during 1050–1150 to ca. 80% open land during 1850–1950 (Figure 3D). Only during the period 1550–1650, the open land vegetation has almost the same extent as during the most recent period with ca. 60%. Agricultural activity showed a steady increase until 1750–1850 and decreased to ca. 5% during 1850–1950. Spruce timber was first used during the 1250–1350 period in low quantities (47 samples), followed by a continuous utilization as construction timber in buildings until 1850. After the Thirty years' war, the spruce consumption almost doubled, whereas spruce timber accounted for circa half of all other tree species.

In the south-western sub-region of the study area including the Black Forest and northern Switzerland, the forest cover remained rather stable over time with its lowest extent during 1650–1750 (Figure 3E). The forest species composition changed, however, and the abundance of deciduous trees declined from ca. 30% during 1050–1150 to 20% during 1850–1950 while conifers increased from ca. 37 to 49% at the same time. The extent of the open and agricultural areas varied only slightly. The abundance of spruce doubled from 1650–1750 to 1850–1950. The amount of spruce among construction timber was low in the 1250–1350 period but sharply increased already during the 1350–1450 period. Spruce made up ca. 30% of all construction timber until 1650–1750 and ca. half of it during the 1750–1850 period.

For the south-eastern sub-region, a declining trend in spruce cover was found from ca. 19% during 1050–1150 to around 13% during 1850–1950, which was accompanied by a decrease of the other coniferous and broadleaved trees, though less evenly, and an increasing trend in the extend of open land (Figure 3F). An increase in open land appeared to be severe particularly during 1250–1350, 1650–1750, and 1750–1850. From 1650 onwards, a sudden increase in spruce consumption is found in the tree-ring data, which accounted for ca. 85% of all timber since then.



Spatiotemporal Distribution of Spruce Abundances in Land Cover and Constructions

Gridded maps for seven 100-year periods from 1150 to 1850 show the abundance of spruce cover in comparison to arable land, the establishment of spruce trees in forests based on start dates, and the utilization of spruce trees for construction based on end dates (Figure 4).
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FIGURE 4. Gridded maps for seven 100-year periods from 1150 to 1850 showing regional abundance of spruce (REVEALS, left) in comparison to the regional abundance of arable land (REVEALS, second left), and the establishment of spruce trees in forests based on start dates (second right) and its utilization in buildings based on end dates (right).


In the early period 1150–1250, spruce was highly abundant with a coverage of 30 to 40 % in Switzerland and Austria, and in the Bavarian Forest, whereas arable land was highest in northern Switzerland (northern region close to Lake Constance), northern Black Forest, Harz mountain and eastern Germany/western Czech Republic (Figure 4). Spruce was already established in low quantities in the lowlands of the Alpine foothills, northern Switzerland and Bavarian Forest which was consequently found in building material in these regions.

In the period 1250–1350, while the arable land cover further increased across the study region, spruce started growing in higher abundances in northern Switzerland and southern Germany, in particular around Basel, Lake Constance and central Bavaria (Nuremberg). An increase in start dates are detected in these regions during the period 1350–1450, which is then followed by an increased use of spruce timbers for construction purposes in the subsequent investigation period.

Spruce cover increased to levels of ca. 25% locally in the north-eastern part of the study area during the period 1450–1550, while at the same time, arable land increased in most areas. Tree-ring data for spruce for this period are most abundant in northern Switzerland and in Bavaria with the highest concentrations found around Nuremberg and the Lake of Constance.

During the period 1550–1650, spruce cover increased in the southern and eastern grid cells, particularly in northern Italy and around the Bavarian Forest, for example, whereas arable land remained high but showed regional variations. At the same time, spruce establishments and tree fellings further increased and expanded toward central and western Germany.

During the periods 1650–1750 and 1750–1850, the abundance of spruce continued to be high across the study region, which is accompanied by a high intensity of land use, i.e., arable land, except in the Alpine region. The numbers of newly established and harvested spruce remained high especially in Germany (south of 50°N) and northern Switzerland.




DISCUSSION


Tree-Ring Data

The majority of the studied timber are from historical buildings of the last millennium which are still standing. Roofs and half-timbered constructions dating prior to 1200 are rarely preserved, since older buildings or parts thereof were constantly replaced by younger constructions in the course of the centuries. Many of these simpler constructions, often made entirely from wood, were replaced during different waves of urban and rural development. Most of our data originate from roof framings and half-timbered constructions with only a few samples from foundations of buildings and infrastructures, which were excavated from archaeological contexts. Since different parts of timber constructions require different physical properties of the utilized species, we observe a selection of decay-resistant oak timber for structures in moist conditions (e.g., foundations) compared to the use of the lighter conifers for roof framings. In the upper floors and roofs of buildings, oak, if present, was only used for short structural elements, whereas the long-fibred conifers were preferred for the long structural beams often exposed to bending forces (Marstaller, 2012). In particular, the long straight stem growth of fir and spruce, combined with the relatively low gross density (i.e., low weight), make them ideal construction material for larger buildings, especially roofs and rooms of an unprecedented widths; likely causing a change from the basilica style to hall constructions for the larger churches during the late 15th century (Marstaller, 2012).

Our dataset captures the most important timber species on an evenly high spatial distribution (Figure 1) and, apart from a period of low replication prior to 1300, is representative for the entire study region. The number of spruce timbers used for buildings also reflect the general variations of building activity over time (Ljungqvist et al., 2022). However, it has to be noted that some species might be generally underrepresented in different regions such as beech in southern Germany or spruce in north-western Switzerland due to difficulties in dating. The large amount of tree-ring data also mitigate possible biases concerning correct ages or stem diameters, which is also addressed by Shindo et al. (2022).

Historical records (i.e. written sources) could provide insights into past forest history and composition, however, most available documents do not differentiate between taxa, making it impossible to distinguish between coniferous species (Sperber, 1968). Moreover, they hardly contain information on forest structures and management practices prior to the 16th century (Mantel, 1990). Also, the quantity and quality of historical records is not stable over time and becomes more fragmented for earlier periods (Muigg and Tegel, 2021). Here, tree-ring data provide the respective spatial and temporal coverage, thereby complementing the data from other sources.



REVEALS Reconstructions

The pollen archives used in this study essentially correspond to sediment cores retrieved from lakes, bogs and mires. Such sedimentary basins are not present everywhere, and are not distributed uniformly, as they depend on geomorphology and climate characteristics. Our results clearly show that most of the pollen data come from the Alps and south-western Germany, and a large gap in the data can be observed in south-eastern Germany. Basically, we observe the opposite geographical pattern than with the tree-ring data that are mostly located in the lowlands where the building activities mainly took place. In large urban, agriculture and cultivated areas, potential sedimentary basins for pollen analyses are lacking or have been most of the time disturbed.

The transformation of pollen data into land cover by using the REVEALS modeling scheme provide a spatial scale of pollen reconstructions, i.e., grids of one degree. REVEALS estimates correspond to the regional pattern of land cover change, where a region is represented by one grid cell. On the contrary, the tree-ring data refer to the grouping of local information (each building) for each grid. Consequently, we are focusing in this study on the regional changes in land cover and abundance of spruce timber.

There are pros and cons of using REVEALS at a grid cell scale of 1° × 1°. In particular, some sites located near the border of another grid could be more influenced by the vegetation pattern of the neighboring grid than the one the site is attributed to. This is of little concern when many sites are situated in the grid, large lakes are present and/or when the sites are uniformly distributed within it. However, it could be an issue, if only one small site is located in a corner of a grid. Nevertheless, the use of a grid pattern is generally reliable, in particular because we group many sites per grid (Supplementary Table S1) which reduces the uncertainties in the reconstructions (Trondman et al., 2016; Marquer et al., 2017).



Combination of Tree Rings and REVEALS Reconstructions

By combining tree ring and REVEALS estimates, we are grouping two different proxies at a same temporal and spatial scale. This is possible because we use a grid pattern, covering locations of both pollen and tree-ring data, as well as sub-regions to minimize the effect of the differences in the spatial availability of both proxies, and time slices of 100 years. As mentioned above, REVEALS reconstructions correspond to the regional plant/land cover, i.e., 1° × 1° grids, whereas the grouping of the tree-ring data also provided the regional pattern in building activity using spruce. The exact provenance of the timber from historical buildings is unknown and the material is not always of local/regional origin depending on topography and available transport routes. While large-scale long-distance overland transportation might be excluded due to excessive financial and logistical (infrastructural) expenses, riverine timber transport in form of rafting and log driving was widely used in our study area (Keßler, 1960; Keweloh, 1988; Eißing, 2010). Archaeological finds can trace riverine transport, both on large rivers like Rhine, Main, and Danube and their smaller tributaries, as far back as into Roman times (Ellmers, 1985). Early written evidences for timber rafting is documented for the Rhine river from the 13th century, e.g., 1208 in Koblenz, located at the confluence of Rhine and Moselle river, western Germany (Ellmers, 1985), or for the Lech river in Bavaria, which was used for timber transport from Tyrol, Austria (Filser, 1989). From the 14th century onwards, sophisticated rafting infrastructures on rivers was established in central Europe (Keweloh, 1988). Therefore, it is likely that some of the timber in our dataset have been transported from different locations, e.g. higher altitudes, on established waterways such as the river Rhine, Main, Danube and smaller tributaries thereof. While the proportion of rafted timber remains unknown, it can be assumed that coniferous wood, because of its lower density and better floating properties, was more frequently rafted than hardwood species. There are also regional differences as timber import was very important for urban centers without extensive municipal forest, and for periods of increased demand, e.g., for Augsburg, Bavaria, during the mid-16th century when the population increased (Watanabe, 2017), or for settlements in the Swabian Alb at the beginning 17th century (Marstaller, 2008). Nevertheless, considering the existence of locally, i.e., easily accessible and nearby, exploitable forests in rural areas, large parts of timber, especially in vernacular buildings, were harvested from local woodlands. Depending on terrain, different techniques were applied to transport the felled trees out of the forests (Johann, 2021).

To secure local wood supply and building development, cities placed great importance on the ownership or the right to use forests belonging to the urban municipality and implemented regulations even as early as the 13th century for example for the city forest Sihlwald near Zurich (Irniger, 1991) or the municipal forest of Nuremberg, Bavaria (Mantel, 1968).

For more than 700 years, spruce has been significantly used in Central Europe both within and outside its natural distribution area, and in the foothill zones (mid-elevations; ca. 700 to 900 m asl) and lowland areas (<700 m asl) (Kolár et al., 2021). Although the exact provenance of spruce timber remains unknown, the use of 1° × 1° grids (i.e., respectively covering an area of 100 km2) is likely to reduce this bias; one can assume that in general spruce timber would be collected and used for construction in a same grid.



Spruce History in Central Europe

Spruce became the main timber species in building constructions from the 14th century onwards (Figure 1C). Using the REVEALS reconstructions, which provide quantitative information about the spruce cover, our results show that spruce abundance over the entire study region varies between 10 and 15% from 1050 CE onwards while an increase is observed over the last 300 years. The last two centuries correspond to large scale forest conversion toward spruce monoculture, while other coniferous and broadleaved trees show a decline from almost 60% to ca. 35%. The tree-ring data reveal a strong increase in the number of spruce timbers from 1650 onwards. After the Thirty years' war, open and arable land unused by the reduced population seems to have favored the distribution of spruce in lowland areas. This is particular evident when looking at regional differences within the study area (i.e., the four sub-regions) (Figure 3). For example, the north-eastern sub-region shows comprehensive changes in land cover from ca. 70% forest cover (1050–1150 CE) to ca. 80% of open land (1850–1950). In this region, spruce timber was first moderately used (1250–1350) and then it was continuously utilized as construction timber in buildings until 1850, in particular after the Thirty years' war when the spruce consumption almost doubled. In the south-western sub-region, the forest cover remained rather stable over time, although the abundance of deciduous trees declined from 1050 to 1950 while conifers, except silver fir or yew, increased at the same time. For the south-eastern sub-region, spruce cover was decreasing from 1050 to 1950, which was accompanied by an increase in the extend of open land. On the contrary, spruce consumption increases through time. In the north-western sub-region spruce was generally less used, compared to other coniferous and broadleaved species.

While humans likely modulated the abundance of spruce in our study region, detrimental climate conditions, as they were prevailing during the Little Ice Age, could have a beneficial effect in the expansion of spruce. Since spruce can tolerate colder climate conditions, it can outcompete other species such as fir (Schmidt-Vogt, 1977).

Similar tree ages were obtained for all investigated 100-year periods (except the low replicated early sub-periods) and across the four sub-regions, whereas in most sub-regions a declining mean AGR and stem diameter was found until 1850 (Figure 2). Despite that not all samples retained the piths, the similar temporal distribution of samples with pith and without pith (Supplementary Figure S2) and the aggregation into 100-year periods provides representative insights into timber quality characteristics.

In the 20th century, rotation cycles for spruce range between 80 and 140 years and are scheduled when the economic yield is highest and stems reached target diameters (Faustmann, 1849; Moog and Borchert, 2001; Beinhofer and Knoke, 2007). This is in accordance with our spruce data for the entire study area, when maximum ages are around 150 years during the period 1150–1350, 98 years during 1350–1450, 114 years during the period 1450–1650, and up to 120 years during 1750–1850 (Figure 2). Regional and temporal differences exist reflecting the regional forest structure, which is influenced by environmental factors and site conditions as well as by economic demands due to population increase. For example, our data show that in early periods, old spruce forest stands were available in the south-western region including the Black Forest. In comparison, relatively young spruce trees were used during the construction boom in the period 1350–1450 in the south-eastern region, likely indicating a high demand for constructions and thus, shorter harvest times. In the north-western region, older trees were available after the Thirty years' war (Figure 2). The changes in growth rates can likely be related to changes in exploitation of the regional forests.

Mean stem diameters show a slightly decreasing trend from around 30 cm (75% of all data) and a maximum of 44 cm during 1250–1350 to 26 cm (3rd Quartile) toward the most recent period 1750–1850, which is accompanied by a decrease in AGR. The decrease in AGR is likely a result of changing forest management, e.g., forests with higher stand density, or the intense practice of litter raking which caused the soil conditions to deteriorate and which was practiced until the 20th century (Bürgi et al., 2013; Vild et al., 2018). Here, clear-cutting further depleted the soils of humus and nutrients and in addition with forest grazing and game browsing led to a large-scale change in tree species, from hardwoods to spruce and pine.

Since spruce does not play a significant role in traditional forestry by supplying by-products such as fruits for pig masting or leaves for leaf litter raking (Stuber and Bürgi, 2002), its economic importance is attributed to its fast growth, straight stem and favorable mechanical properties for its use as timber.

Considering their use as timber, trees had to have a certain size and age. Therefore, it is likely that the trees come either from high forests or from the canopy layer of coppice-with-standards (CWS) forests. Especially for northern Switzerland, spruce, alongside oak, played an important role as dominant standards in this CWS forest management type (Bader et al., 2015). CWS forest structures allowed to simultaneously generate different wood products, from timber to fuelwood, which was important for subsistence economies, and found to have been applied in the Early Middle Ages and likely before (Muigg et al., 2020). Spruce can rejuvenate well in the understorey of sparse oak-dominated CWS forests. The observed increase in spruce abundance from the mid-14th century might be linked to an outgrowing of spruce over its competitors and a selective cutting of dense forests dominated by oak, beech or fir, and/or the growing promotion of the species for timber in evolving timber-framed architecture. Moreover, oak coppice was intensively extracted for fuelwood and tanning, whereas spruce was spared for the production of quality timber, forming soon upper forest layers and even dominant stands (Schmidt-Vogt, 1977). This development might have also favored the high abundance of spruce in subsequently formed CWS stands (Bader et al., 2015).

On the other hand, the 14th century was a period of desertification in which cultivated areas, i.e., arable and open land, were abandoned (Figures 3B, 4 period 1350–1450) (Abel, 1976). The more tolerant spruce was able to grow on nutrient depleted open lands and could establish forests. Lindbladh et al. (2014) described the processes when the agricultural practice of slash-and-burn cultivation (i.e., the land underwent a rotation of clear cutting, farming, grazing and natural forest regeneration) ceased in southern Sweden supporting the natural spread of spruce without active forest management. Especially, the removal of grazing pressure on spruce seedlings and the selection of species, contributed to the establishment of spruce forests (Lindbladh et al., 2014). This slash-and-burn management practice as well as other forms of agro-forestry were common across the study area (Mantel, 1968). During the early modern period (16th century), wood consumption intensified due to the development of large-scale consumers for various products (i.e., salt extraction, glass production and mining), resulting in severe forest degeneration. The 16th century was known as the era of forest regulations (Hasel, 1985), which subsequently led to a strong change in the forest composition thereby favoring spruce in the study area until present-day.

Today, however, spruce is confronted with multiple problems, including drought extremes, subsequent bark beetle infestations and large-scale dieback (Marini et al., 2017; Hlásny et al., 2021). This led to urging questions about the suitability of spruce in modern and future forests in the light of climate change. For this reason, spruce is now at a crossroad as to whether it is still suitable for future European forestry. More structured and mixed forest stands might hold an opportunity for this species, that has been crucially important for centuries. Additionally, such multi-aged and mixed forest stands are urgently needed for the future promotion of biodiversity (Oettel and Lapin, 2021).




CONCLUSION

Throughout the last millennium spruce was commonly used as timber in southern Germany and northern Switzerland, both within and outside its natural distribution area and for a region with regionally differing political and demographic histories. By investigating more than 38000 dendrochronological samples, coniferous wood (75.6%) is the dominating timber in constructions compared to hardwood species (24.4%). From this, spruce is the most abundant species (40.9%), followed by fir (24%) and pine (10.7%). We combined pollen and tree-ring data to investigate the abundance of spruce in the land cover in tandem with the utilization of spruce timbers in historical buildings at regional scale. It was shown that the spatial coverage of pollen and tree-ring data in some parts of the study area are still insufficient, thus (i) highlighting the complementarity of both archives to study the history of spruce in Central Europe and (ii) by developing sub-regions we could gain insights into the regional spruce abundance and utilization.

Besides identifying differences in the abundance of spruce across regions and during the past millennia we found an intense use and afforestation of spruce from the 1650s onwards.

Regarding future forestry, we highlight that spruce, long before its extensive monocultured planting, was valued as an important timber and should be included to generate diverse and resistant forests.
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REVEALStaxa  RPPsand standard errors Fall speeds of pollen (m/s)

Conifers
Abies 688 +/-1.44 0.12

Picea 262 +/-0.12 0056
Pinus 638 +/-0.45 0031
Juniperus 2,07 +/-0.04 0016
Broadleaves

Aus 9.07 +/-0.4 0.021
Betula 3,00 +/-0.27 0024
Carpinus 3.55 4+/-0.43 0.042
Corylus 1.99 +/-0.19 0.025
Fagus 235 +/-0.11 0.057
Fraxinus 1.03 +/-0.11 0.022
Quercus 583 +/-0.15 0,035
Salix 122 4/-0.11 0022
Tila 08 +/-008 0,082
Uimus 1.27 +/-005 0.082
Open land

Artemisia 3.484/-02 0.025
Calluna vulgaris 0.82 4+/-0.02 0.038
Cyperaceae 087 +/-0.06 0,035
Filpendula 281 4/-0.48 0.006
Gramineae 14/-0 0.035
Plantago lanceolata 1.04 +/-0.09 0.029
Plantago media 127 +/-0.18 0.024
Plantago montana 074 +/-0.13 003

Rumex acetosa-t 214 4/-0.28 0018
Arable land

Cereaia-t 1.85 +/-0.38 006

Secale cereale 3.02 +/-0.05 006

Relative pollen productivity estimates (RPPs) with their standard errors, and fall speed of
pollen for the 25 taxa used in the REVEALS reconstructions are shown.
The RPPs of taxa are relative to a reference taxon, in this case Gramineae.
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