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Abstract

Forest composition characteristic of the mid Holocene has survived on Hallands Väderö, an island nature reserve off the south west coast of Sweden. Current veteran Tilia and Quercus trees contribute to an anomalously rich biodiversity of fungi, bryophytes, lichens and insects. Understanding which factors influence Holocene vegetation dynamics can support efforts to protect biodiversity, but the role of grazing and browsing among other potential factors has previously been difficult because of the lack of long-term datasets. Palaeoecological and charcoal analyses over the last c. 3000 years from a pond on the island reveal sustained presence of populations of Quercus, Alnus, Tilia, Corylus and Ulmus, alongside increasing Fagus in recent centuries. Changes in grazing pressure have been documented since 1665 AD and statistical methods were used to calculate the relative importance of grazing pressure, climate variability, and fire activity on the dynamics of selected taxa. Grazing was the main factor reducing population size of Alnus, Corylus, Fagus and Tilia on the island over the period 1665-2000 AD, with warm winter temperatures and summer humidity having significant positive influences in the last millennium. The survival of large numbers of red-listed species is likely to be due to the continuity of large old trees, ancient forest composition and a distinctive disturbance history in a favourable climate.
Introduction
Estimations of the relative importance of the potential drivers of Holocene vegetational dynamics are increasing our understanding of forest ecosystem function 
 ADDIN EN.CITE 
(Reitalu et al., 2013; Kuosmanen et al., 2016; Marquer et al., 2017; Milligan et al., 2020)
. The proposed major factors influencing forest dynamics include succession following disturbance by fire, pathogens or storm damage (Seidl et al., 2020), clearance for agriculture and the use of forests by people, (Roberts et al., 2018) and the effects of climate change on disturbance, forest composition and migration of trees 
 ADDIN EN.CITE 
(Seidl et al., 2020; Giesecke et al., 2017; Iversen, 1960)
.  These drivers can contribute to landscape heterogeneity, influence biological diversity and determine ecosystem functioning (Mori et al., 2018). They are also relevant for the practical protection of biodiversity as some disturbance processes and agricultural use, such as grazing by domestic animals, can be managed (Attiwill, 1994). 
European-scale analyses have demonstrated that human impact has taken over from climate as the dominant driver of land cover change during the late Holocene 
 ADDIN EN.CITE 
(Molinari et al., 2013; Roberts et al., 2018; Marquer et al., 2017; Milligan et al., 2020)
 with burning, tree felling as well as grazing and browsing by domestic animals being the major agencies (Bradshaw and Mitchell, 1999; Mazier et al., 2009). Browsing and grazing effects by domestic and wild animals, particularly deer, on modern landscapes is substantial and well documented (Vera, 2000). By contrast, the relative importance of agropastoral activities or pressure from wild animals in the past is rather poorly understood because the palaeoecological methods used to reconstruct long-term grazing or browsing impact have lacked numerical precision (Bradshaw et al., 2003; Vera, 2000). These methods include the use of pollen indicator species and non-pollen palynomorphs (NPP) (Mazier et al., 2009; Cugny et al., 2010) often calibrated using present-day relationships (Gaillard et al., 1992). The use of ancient DNA is now yielding useful estimates of past population dynamics of herbivores on millennial timescales (Lorenzen et al., 2011; Niemi et al., 2018) with even genetic analyses of stomach contents (Willerslev et al., 2014). Greater temporal and spatial precision is available for recent centuries from historical archives such as taxation records (Dahlström, 2006). 

High biodiversity in southern Scandinavian forests today is often linked to pure Fagus forests and their saprophytic component comprising species of lichens, mosses, fungi and insects. These forests had a more mixed deciduous composition during the mid-Holocene 
 ADDIN EN.CITE 
(Hannon et al., 2018; Hultberg et al., 2017; Lindbladh et al., 2014)
. Hallands Väderö (HV) is an isolated island off the SW coast of Sweden with current significant populations of Tilia cordata, Quercus robur/petraea, Ulmus glabra, Alnus incana/glutinosa, Sorbus aucuparia, Corylus avellana and Fagus sylvatica together with Betula spp., Frangula alnus, Malus sylvestris and Prunus avium. HV forests have retained compositional elements characteristic of the mid-Holocene, which elsewhere in Sweden and Denmark have become severely depleted or lost in the recent past. Understanding why this mixed deciduous composition has been retained would be of value for conservation and management of the high biodiversity associated with deciduous tree species  (Sundberg et al., 2019; Halme et al., 2013).

In this paper we first reconstruct forest dynamics and fire history over the last c. 3000 years using pollen, plant macrofossils and macrocharcoal fragments. Then we use independent datasets of climate variations and fire to explore the relative importance of these potential drivers on forest dynamics and composition over the last c. 1000 year. Finally, we use a unique historical record of numbers of grazing animals on HV covering the last 335 years to explore statistically the effects of domestic stock, climate variations and fire on selected important plant taxa. We test the hypothesis that grazing has become the predominant factor controlling tree composition in recent centuries. We conclude with an assessment of the role of recent forest dynamics on the diversity of vascular plants, insects, epiphytic and fungi in Scandinavian temperate woodland and how this might be managed for biodiversity enhancement.
Field, laboratory and data methods

Study area

Hallands Väderö is situated off the south west coast of southern Sweden, (62( 61' N; 13( 01' E) (Figure 1). It is 3.2 km long and 313 hectares in size, mainly low relief with a highest point of 25 m a.s.l. The mean temperature of the coldest month is -0.2oC and the warmest month is 16.8oC. Precipitation is low (c. 600 mm p.a.) with the driest month in February and wettest in August (Raab and Vedin, 1995). The geological bedrock is gneiss with some granite intrusions and moraine features (Mörner, 1969). Soils are fairly thin, with some areas of peat accumulation in depressions, and pebble beaches exposed at the former highest shoreline which is a distinct beach ridge formed between BC 4500 and 2600 (Mörner, 1969). Towards the end of the Bronze Age, when the palaeoecological record begins, the sea level was c. 4 m. above that of present day. 
The present vegetation is composed of forests (108 ha), open pasture areas (62 ha), scrub dominated by Juniperus (89 ha), while exposed bedrock can be seen along the shore (55 ha) (Lannér, 2003).  The island has been used for the gathering of wood for the mainland village of Torekov since the 13th century, and church records reveal documentary evidence for grazing by domestic animals since 1545 AD (Lannér, 2003). Low intensity plantation forestry was established in 1908 AD, but has been restricted since 1910 AD when the island became officially protected (Lannér, 2017; Lannér, 2003).  
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Figure 1: Location of Hallands Väderö island.
The sample site, Hälledammen, c. 10 m a.sl., is a small pond, located on the southern part of the island in Söndre Skog (Figure 1, Supplementary Material), a protected semi-natural forest, enclosed since 1858 AD, containing some of the oldest Quercus and Fagus individuals present in Sweden. The younger Fagus trees are mainly tall and narrow, whereas the older Quercus trees have wide crowns indicating former semi-open conditions in this forest, substantiated by historical photographic documentation from the early 1900s (Lannér, 2017; Lannér, 2003). 
Methods

A series of probes were made across the basin using a one metre, 7-cm diameter Russian corer in order to find the greatest sediment depth. Duplicate cores were taken, wrapped in plastic, placed in plastic guttering, sealed and refrigerated at 4oC prior to sampling. A total of 60.5 cm of sediment was recovered. Continuous 0.5 ml samples were volumetrically taken for pollen analysis. Initially prepared using standard pollen extraction techniques (Berglund, 1986), the pollen samples were reanalysed with an extraction methodology designed to eliminate clumping and make pollen more visible. Pollen percentage diagrams were constructed using TILIA, Version 2.0.41 (Grimm, 2015). The pollen sum included trees, shrubs and herbs, excluding aquatics and sphagnum. Lycopodium tablets were added to allow the calculation of pollen concentration and accumulation rate (PAR, pollen grains/cm2/year). Contiguous macrocharcoal and plant macrofossils (units/cm3) were analysed every cm. Samples were soaked overnight in 5% NaOH and washed through >385 μm and >450 μm sieves.  Five thin sediment slices were sent for AMS dating to the Ångström Laboratory in Uppsala, Sweden.
Data analyses

Winter temperature and summer relative humidity were reconstructed from tree ring data using a response-surface approach (Edwards et al., 2017) (https://www1.ncdc.noaa.gov/pub/data/paleo/treering/isotope/europe/sweden/se-sweden2017iso.txt). Estimates of grazing pressure during the period 1665-2000 AD were based on Lannér (2003). Reconstruction of vegetation cover used correction factors developed by Binney et al. (2011). These factors were applied in order to achieve a closer approximation to vegetation cover (Table 1, supporting material) and were supported by observed relationships between modern pollen assemblages and vegetation surveys from 12 sites on the island (Table 2, Figure 1 supporting material). This method is a simplification of the REVEALS model (Sugita, 2007) and takes into account the differential production and dispersal of pollen amongst taxa. Macrocharcoal data provided an estimation of local fire activity (Whitlock and Larsen, 2001).  
Statistics 
The R package relaimpo which provides several metrics for assessing the relative importance of predictors in linear models (Grömping, 2006) was chosen to calculate the importance of climate variability, grazing pressure and fire activity on selected groups and individual plant taxa. The data were expressed as standardized deviations (Z-scores) from the 20th century mean values. The analyses were performed by comparing each reconstructed composite time series with the estimation of the vegetation cover of the selected taxon, with a temporal resolution of 4 years (the temporal resolution of the climate data). To select the “optimal” model given all possible sets of predictors, we used the Akaike’s Information Criterion (AIC) values (Akaike, 1973) which incorporates both model fit and model complexity, with more complex models being penalised relative to simpler ones; better models have lower AIC values relative to others in the same candidate set (Anderson, 2008; Zuur et al., 2009). Given the small number of predictors, we generated all possible models and the one with the lowest AIC value was selected. In case of two correlated predictors, this method chose the one which resulted in a better model. As multiple tests were carried out based on the same dataset, we increased the rate of type I error. To control this error rate, the p-values were adjusted using the Holm-Bonferroni correction (Holm, 1979), a standard procedure which incrementally decreases the α levels to reach significance. For each selected taxon, the AIC values model with the smallest score (i.e., the “optimal model”) was chosen as the most appropriate in explaining the variation in its vegetation coverage during the time period taken into consideration. 
In a first step, the linear regression analysis performed with the use of the relaimpo package allowed the assessment of the relative importance (RI) of winter temperature, relative summer humidity and fire activity on different deciduous taxa and pollen grazing indicators over the time period covered by the climate data (i.e., 946-2000 AD). The selection of the pollen grazing indicators was based on the literature (Behre, 1981; Gaillard et al., 1992). 
The same methodology was applied to assess the relative importance of winter temperature, relative summer humidity, grazing pressure and fire activity on selected important plant taxa over the time period covered by the by grazing pressure data (i.e., 1665-2000 AD). In both cases the metric (lmg) proposed by Lindeman et al. (1980) decomposed the explained variance (R2) into non-negative contributions based on semipartial correlation coefficients that automatically sum to the total R2. p-values indicating whether predictors differed significantly from each other in their contributions (in an exploratory sense) were obtained by bootstrap resampling. Information about the direction of relationship (positive or negative correlation) between the variables was assessed by the value of the correlation coefficients (r). 
Results

Dating

AMS radiocarbon dates were calibrated into calendar years (cal. BP) using Clam software (Blaauw, 2010) (Table 1). The relationship between the calibrated calendar age and depth of sediment is presented in Figure 2. 
Table 1. AMS radiocarbon dates and their calibration into calendar years (cal. BP)
	Lab. No.
	Depth (cm)
	14C years BP
	Cal. BP
	Probability

	Ua-20424
	13.5
	80 ± 40
	14-268
	94.6%

	Ua-19742
	24
	850 ± 50
	683-906
	88.8%

	Ua-19458
	33.5
	1645± 45
	1412-1689
	94.9%

	Ua-19743
	44
	1990+ 55
	1824-2105
	94.9%

	Ua-19459
	57.5
	2630 + 45
	2624-2852
	95%
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Figure 2. The calibrated age-depth relationship using Clam software (Blaauw, 2010)
Pollen, plant macrofossils and macrocharcoal
Late Bronze Age/Iron Age (c. BC 800-140 AD) 

The pollen record is dominated by Alnus, Quercus and Betula, with Tilia, Ulmus, Fraxinus, Salix, Corylus, Populus, Pinus and Sorbus (Figure 3). Few macrofossil remains are recovered, as the sediment is fine grained and well humified, but occasional Quercus, Betula, Tilia and aquatics are recorded (Figure 4). Herbs and graminoids make up over 30% of the total pollen, mainly Poaceae, Cyperaceae, Rumex acetosa, Filipendula, Stachys, Galium, Artemisia, Chenopodiaceae, Lactucaceae, Brassicaceae, Rubiaceae, Rosaceae, Melampyrum and Ranunculus. 

[image: image3]
Figure 3. Pollen percentage and selected pollen accumulation rate data (grains/cm2/yr) showing major trees and shrubs. White outlines indicate × 5 exaggeration. Selected PAR values are x 100 as indicated on the diagram.

[image: image4]
Figure 4: Plant macrofossils and macrocharcoal (units/20 cm3) b: bud; br: bract; f: fruit; flr: flower; l: leaf; nt: nutlet; s: seed. Dots represent presence.
Late Iron Age - (c. 140 AD-500 AD)   

A continuous charcoal record which includes fragments >450 µm characterised the beginning of this period (Figure 4). Alnus pollen frequencies and PAR values decrease accompanied by an increase in percentage and PAR representation of Quercus (Figure 3) and in the influx data for Salix, Corylus and Tilia towards the end of the period (S1 Figure 4). Fagus pollen is first recorded c. 140 AD (Figure 3), with local presence confirmed by macrofossil bud bracts and leaf fragments c. 370 AD (Figure 4). Quercus and Betula macroremains are present alongside herbaceous taxa (Figure 4). 
Iron Age/Early Medieval - (c. 500 AD-1300 AD) 

A gradual decrease in Quercus pollen along with increases in Betula, Salix, Fraxinus, Pinus and Fagus are characteristic of this period (Figure 3), along with increase in pollen from herbaceous plants such as Rumex, Filipendula, Apiaceae and Rosaceae (Figure 5). Charcoal is recorded but with lower values and more sporadically than in the previous period. Macroremains of Quercus, Fagus and Betula are common along with more diverse herbaceous taxa as the sediment becomes less humified and coarser in texture (Figure 4).
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Figure 5: Pollen percentage diagram showing major herbs, ferns and aquatics. White outlines indicate × 5 exaggeration. 
Middle Ages - (c. AD 1300 AD-1550 AD)
Non-arboreal pollen, mainly Poaceae, Rumex, Apiaceae, Lactucaceae, Rosaceae, Cyperaceae and Fabaceae, rise to almost 40% at the same time as cultivated crops, both Hordeum-type and Secale cereale (Figure 5). Abundant Urtica dioica seeds are present with Eleocharis, Apium and Rubus remains (Figure 4). Pollen from forest taxa show Quercus, Betula, Fagus, Alnus, Salix, Corylus, Tilia and Fraxinus are maintained (Figure 3). Macrocharcoal is more regularly recorded (Figure 4).                       

 Little Ice Age - (c. 1550 AD-1858 AD) 

Quercus and Ulmus pollen percentages decrease while Tilia, Fraxinus, Alnus, Betula, Salix and Juniperus frequencies and PAR are maintained and Fagus percentages and PAR representation increase (Figure 3, S1 Figure 4) Cereals, Poaceae, Cyperaceae and pollen from herbaceous taxa often associated with grazing are frequent in the percentage diagram (Figure 5). These make up c. 50% of the pollen spectrum and include Rumex, Filipendula, Stachys, Galium, Fabaceae, Lamiaceae, Asteraceae, Lactucaceae and Rosaceae. Abundant Quercus macrofossils are present, along Fagus, Betula, Vaccinium and diverse herbaceous taxa (Figure 4). Macrocharcoal is recorded in almost all samples (Figure 4).
(c. 1858 AD- present)

The percentage and PAR pollen spectra show a succession involving Poaceae, Juniperus, Salix, Betula, Corylus, Tilia, Quercus and finally Fagus, as open ground pollen indicators decrease (Figures 3, 5, S1 Figure 4). Fagus influx is at its highest over the last 100 years than it has been at any stage in the past (Figure 3). The last macrocharcoal recorded is c. 1950s AD (Figure 4). The tree macroremains include Tilia, Fagus, Betula, Quercus, along with abundant Urtica dioica, Eleocharis palustris, Apium spp, several Juncus spp. and representatives of emergent and floating water plants growing in or around the lake (Figure 4).
Data analyses
The results of the statistical analyses between vegetation cover, fire activity, climate variations and grazing pressure over two time periods, 946-2000 AD (Table 2, Figure 6) and 1665-2000 AD (Table 3, and Figure 7), are presented.
Table 2. Best-fitted model according to the AIC and results of the relative importance analysis for the period 946-2000 AD. The proportion of each predictor to the total explained variance (lmg), the correlation coefficient (r) and the significance value (both unadjusted p-values and adjusted p-value calculated with the Holm-Bonferroni method) are shown. Significant p-values (<0.05) are highlighted in bold. *Grazing indicators used are Calluna, Fabaceae, Poaceae, Galium, Rumex, Potentilla, Cyperaceae, Filipendula, Juniperus and Plantago.
	Taxon/group of taxa
	“Optimal” model
	Predictors
	lmg
	r
	p-value
	pHolm_adj

	Quercus
	winter temperature, relative summer humidity
	
	
	
	<0.001
	<0.001

	
	
	winter temperature
	8.40
	+0.29
	0.006
	0.006

	
	
	summer humidity
	21.40
	+0.46
	<0.001
	<0.001

	Fagus
	relative summer humidity, fire activity
	
	
	
	<0.001
	<0.001

	
	
	summer humidity
	9.67
	-0.31
	<0.001
	<0.001

	
	
	fire activity
	1.13
	-0.11
	0.036
	0.036

	Alnus
	winter temperature, relative summer humidity, fire activity
	
	
	
	<0.001
	<0.001

	
	
	winter temperature
	21.81
	+0.47
	<0.001
	<0.001

	
	
	summer humidity
	15.77
	+0.40
	<0.001
	<0.001

	
	
	fire activity
	2.25
	+0.15
	0.049
	0.049

	Alnus+Tilia+Corylus
	winter temperature, relative summer humidity
	
	
	
	<0.001
	<0.001

	
	
	winter temperature
	25.93
	+0.51
	<0.001
	<0.001

	
	
	summer humidity
	16.87
	+0.41
	<0.001
	0.001

	Pollen grazing indicators *
	relative summer humidity, fire activity
	
	
	
	<0.001
	0.001

	
	
	summer humidity
	4.12
	+0.20
	0.088
	0.088

	
	
	fire activity
	6.04
	-0.25
	0.008
	0.016
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Figure 6. Best-fit models according to the AIC and results of the relative importance analysis of climate (winter temperature, relative summer humidity) and fire activity on different important deciduous taxa and pollen grazing indicators over the time period 946-2000 AD. The significance values, the direction of the relationship and the proportion of variance explained by each predictor are indicated.
Table 3. Best-fitted model according to the AIC and results of the relative importance analysis for the period 1665-2000 AD. The proportion of each predictor to the total explained variance (lmg), the correlation coefficient (r) and the significance value (both unadjusted p-values and adjusted p-value calculated with the Holm-Bonferroni method) are shown. Significant p-values (<0.05) are highlighted in bold.
	Taxon/group of taxa
	“Optimal” model
	Predictors
	lmg
	r
	p-value
	pHolm_adj

	Quercus
	winter temperature, grazing pressure, fire activity
	
	
	
	<0.001
	<0.001

	
	
	winter temperature
	13.80
	-0.37
	<0.001
	0.001

	
	
	grazing pressure
	8.90
	-0.30
	0.002
	0.004

	
	
	fire activity
	8.14
	+0.28
	0.004
	0.005

	Fagus
	winter temperature, grazing pressure, fire activity
	
	
	
	<0.001
	<0.001

	
	
	winter temperature
	8.30
	+0.29
	<0.001
	0.001

	
	
	grazing pressure
	33.1
	-0.57
	<0.001
	<0.001

	
	
	fire activity
	27.9
	-0.53
	<0.001
	<0.001

	Alnus
	winter temperature, grazing pressure, fire activity
	
	
	
	<0.001
	<0.001

	
	
	winter temperature
	9.02
	+0.30
	0.024
	0.048

	
	
	grazing pressure
	28.02
	-0.53
	<0.001
	<0.001

	
	
	fire activity
	2.17
	+0.15
	0.144
	0.144

	Alnus+Tilia
+Corylus
	winter temperature, grazing pressure, fire activity
	
	
	
	<0.001
	<0.001

	
	
	winter temperature
	19.80
	+0.44
	<0.001
	<0.001

	
	
	grazing pressure
	34.10
	-0.58
	<0.001
	0.001

	
	
	fire activity
	3.39
	+0.18
	0.038
	0.038

	Pollen grazing indicators*
	winter temperature, grazing pressure, fire activity
	
	
	
	0.016
	0.060

	
	
	winter temperature
	6.78
	-0.26
	0.015
	0.060

	
	
	grazing pressure
	5.37
	-0.23
	0.028
	0.060

	
	
	fire activity
	2.99
	+0.17
	0.103
	0.103

	Poaceae
	grazing pressure
	
	14.34
	+0.38
	0.001
	0.001

	Galium
	winter temperature
	
	0.58
	-0.08
	0.245
	0.245

	Rumex
	grazing pressure, fire actvity
	
	
	
	<0.001
	<0.001

	
	
	grazing pressure
	14.14
	-0.38
	<0.001
	<0.001

	
	
	fire actvity
	50.33
	+0.71
	<0.001
	<0.001

	Cyperaceae
	winter temperature, fire activity
	
	
	
	0.001
	0.002

	
	
	winter temperature
	3.61
	-0.19
	0.070
	0.070

	
	
	fire activity
	15.6
	+0.39
	<0.001
	<0.001

	Filipendula
	winter temperature
	
	0.71
	-0.08
	0.231
	0.231

	Juniperus
	winter temperature, grazing pressure, fire activity
	
	
	
	<0.001
	<0.001

	
	
	winter temperature
	10.74
	+0.33
	0.004
	0.004

	
	
	grazing pressure
	22.20
	-0.47
	<0.001
	<0.001

	
	
	fire activity
	26.72
	+0.52
	<0.001
	<0.001
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Figure 7. Best-fitted models according to the AIC and results of the relative importance analysis of climate (winter temperature, relative summer humidity), grazing pressure and fire activity on selected important plant taxa over the time period 1665-2000 AD. The significance values, the direction of the relationship and the proportion of variance explained by each predictor are indicated.
The results of the statistical analyses over the longer time period (Figure 6, Table 2) indicate that high summer humidity (21.4%) and warm winter temperatures (8.4%) account for most of the variance in Quercus dynamics, while the occurrence of Alnus and Alnus+Tilia+Corylus are most associated with warm winters (21.8% and 25.9%, respectively) and high relative summer humidity (15.8% and 16.9%, respectively). 
Grazing accounts for most of the variance in the vegetation cover of Alnus, Corylus, Fagus and Tilia over the period 1635-2000 AD.  The influence of fire was greatest on Fagus but sixty percent of the variance is accounted for by the combination of grazing and burning (Table 3, Figure 7). There is a weak positive influence of fire on Quercus (Figure 7). Poaceae were the strongest indicators of increasing grazing pressure, while Juniperus was positively correlated with a combination of grazing (22.2%) and fire (26.7%) (Table 3).  
Discussion and Interpretation
Forest history

A striking feature of the dynamics of HV forest composition during recent millennia is the sustained presence of vital populations of Quercus, Alnus, Tilia, Corylus and Ulmus, alongside the more widely observed trend of increasing Fagus (Figures 3, S1 Figure 4). These deciduous trees are associated with high levels of diversity among epiphytes and saprophytes, including fungi, bryophytes, lichens and insects that characterise the island (Ekstam and Forshed, 2010). Mainland sites at comparable latitudes in NW Europe have usually less deciduous tree diversity at present, with the earlier loss of Quercus, Alnus, Tilia, Corylus and Ulmus ascribed to past human impact, grazing fire, changing climate and elm disease (O'Dwyer et al., 2021; Fredh et al., 2019). Our statistical analyses suggest that grazing pressure was the strongest destructive agent for deciduous trees on HV, while warm winter temperatures with high summer humidity were favouring factors, the latter particularly for Quercus (Figure 6, Table 2). Burning on HV was almost solely linked to human activities and was more prevalent and influential in southeastern Sweden than in the west (Bradshaw et al., 2010b; Cui et al., 2020). 
The statistical analysis shows that the influence of fire was greatest on Fagus populations, limiting their growth during recent centuries (Figure 7). There is a weak positive influence of fire on Quercus, as has been proposed for southern Sweden (Drobyshev et al., 2021) (Figure 6). The local shift from local Alnus to Quercus dominance, which is also clear in the influx data (Figure 3, SI Figure 4), is associated with peak macrocharcoal values, but is also a likely response to falling water tables allowing the light-demanding and flood tolerant Quercus to replace swamp-loving Alnus at the lake margin. Water tables have been falling on the island as shoreline has moved over 8 m downslope during the late Holocene (Mörner, 1969). 
Sixty percent of the variance of Fagus dynamics over the shorter time period on HV is accounted for by grazing and burning (Figure 7). The initial establishment of Fagus is closely linked with peak macrocharcoal values (Figures 3, 4 & 6) in a similar manner to other sites in southern Sweden (Bradshaw and Lindbladh, 2005). A slight increase in Fagus pollen values c. 1600 AD is likely associated with the dynamics of cereal cultivation as Fagus is an effective coloniser of abandoned fields (Andersen et al., 1983; Bradshaw et al., 2010a). The most recent increase in Fagus pollen values are attributable to the combination of recent plantation and regeneration (Lannér, 2017). 

Grazing and browsing

Grazing was the main factor explaining forest dynamics of Alnus, Corylus, Fagus and Tilia on the island during the period 1665-2000 AD. (Table 3, Figure 7). The population size of trees all showed significant negative correlations with the stocking density data for cattle, sheep and horses which were grazed throughout the year in until 1852 AD with maximum stocking densities during the 18th and early 19th centuries (Lannér, 2003). Stocking densities and grazing/browsing pressure showed comparable values and trends to those recorded by Dahlström (2006; 2008) from mainland southern Swedish sites, although goats were a contributing factor on the mainland and were not recorded on HV. Deer browsing has been a likely contributory factor to greater loss of deciduous trees from many mainland forest areas (Bradshaw et al., 2003; Bradshaw and Mitchell, 1999). No deer have been recorded from HV, and only the occasional moose throughout the historical period (Ekstam and Forshed, 2010). The current abundance of deciduous trees on HV, particularly Alnus, Corylus, Fagus, Quercus and Tilia, and the distinctive high biodiversity associated with these deciduous trees (Sundberg et al., 2019) is partially attributable to grazing/browsing differences from the mainland. This is due to the absence of deer and goats on HV, although of possible equal importance was the less intensive recent forest management measures of drainage and planting of conifers. 
Historical records show that grazing by domestic animals created open conditions in southern Swedish forests during the 18th and 19th centuries (Nilsson, 1997). But few previous studies have had access to quantitative data on domestic grazing animals (Dahlström, 2006). Previous palaeoecological studies have used an indicator approach 
 ADDIN EN.CITE 
(Behre, 1981; Hjelle, 1997; Gaillard et al., 1992)
 or analyses based on modern animal-plant relationships (Mazier et al., 2009; Hjelle, 1999). The relationships between grazing pressure and certain pollen indicators of grazing yielded some new insights into past grazing-vegetation relationships. On HV, Poaceae were the strongest indicator of increasing grazing pressure, while Juniperus and Rumex were significantly negatively correlated with grazing (Table 3). An increase in Juniperus cover is most likely a response to a relaxation of grazing pressure, while Poaceae cover is highest during intensive grazing (Figure 3). Thus combining several traditional pollen indicators recorded on HV (Calluna, Fabaceae, Poaceae, Galium, Rumex, Potentilla, Cyperaceae, Filipendula, Juniperus and Plantago) to act as a proxy for changes in grazing pressure as suggested by previous literature (e.g. ref?) would have yielded misleading results because the combined values were weakly negatively correlated with grazing pressure (Table 3). 

Conclusions
Very few sites in southern Scandinavia have retained compositional elements characteristic of the mid-Holocene with diverse populations of deciduous trees surviving to the present, including veteran Tilia and Quercus. One example is the Lime enclosure in Draved Forest, western Denmark (Iversen, 1969; Bradshaw et al., 2005), which has also had a different disturbance history from the surrounding forest with more protection from grazing animals, burning and drainage (Bradshaw et al., 2005). These sites are extraordinarily species rich with large numbers of red-listed species. About 3800 species have been recorded from HV, of which 246 are red-listed (Ekstam and Forshed, 2010). Twenty-two percent of all terrestrial species in Sweden are linked to specific host trees and the most abundant tree (Picea abies) has the most associated species (Sundberg et al., 2019). However, Fagus, Quercus, Tilia and Ulmus are hosts to more species than predicted by their national abundance, with Quercus outstanding in this respect (Sundberg et al., 2019). Consequently, the sustained populations of deciduous trees on HV help account for the anomalously large number of red-listed species recorded (Ekstam and Forshed, 2010). Understanding how these unusual locations have retained such diversity gives insight into why the remainder of the landscape has lost that diversity. This understanding can help with rewilding efforts such as those carried out by local authorities in Halland (western Sweden), where Tilia has been re-introduced into a nature reserve to promote biodiversity (Hannon et al., 2018)(Henrik Malm pers. comm.). The palaeoecological and statistical analyses from HV highlight the importance of grazing for tree species composition. The deciduous trees associated with high levels of diversity among epiphytes and saprophytes, including fungi, bryophytes, lichens and insects that characterise the island (Ekstam and Forshed, 2010), make future management of the island of national significance.
We conclude that the current regionally anomalous sustained presence of vital deciduous tree populations on HV is largely a consequence of a distinctive disturbance history in a favourable climate and our original hypothesis is upheld. Grazing and browsing by domestic animals appear to have been the dominant factors on HV, however with no deer and relatively little burning, arable agriculture, forestry operations or drainage 


(Ekstam and Forshed, 2010; Lannér, 2017; Lannér, 2003) ADDIN EN.CITE : all factors that were widespread on the mainland (O'Dwyer et al., 2021; Fredh et al., 2019). This study of a species-rich island with considerable past human impact has yielded insight into ecological processes operating over large areas of southern Scandinavia.
References
Akaike H (1973) Information theory and an extension of the maximum likelihood principle. In: Petrov BN and Csaki F (eds) Second International Symposium on Information Theory. Budapest, Hungary: Akademinai Kiado, pp.267-281.

Andersen ST, Aaby B and Odgaard BV (1983) Environment and man. Current studies in vegetational history at the Geological Survey of Denmark. Journal of Danish Archaeology 2: 184-196.

Anderson DR (2008) Model based inference in the life sciences: A primer on evidence. New York: Springer.

Attiwill PM (1994) The disturbance of forest ecsosystems: the ecological basis for conservative management. Forest Ecology and Management 63: 247-300.

Behre KE (1981) Interpretation of anthropogenic indicators in pollen diagrams. Pollen et Spores 23: 225-245.

Berglund BE (1986) Handbook of Holocene palaeoecology and palaeohydrology. Chichester, United Kingdom: John Wiley & Sons.

Binney HA, Gething PW, Nield JM, et al. (2011) Tree line identification from pollen data: beyond the limit? Journal of Biogeography 38: 1792-1806.

Blaauw M (2010) Methods and code for ‘classical’ age-modelling of radiocarbon sequences. Quaternary Geochronology 5(5): 512-518.

Bradshaw RHW, Hannon GE and Lister AM (2003) A long-term perspective on ungulate-vegetation interactions. Forest Ecology and Management 181: 267-280.

Bradshaw RHW, Kito N and Giesecke T (2010a) Factors influencing the Holocene history of Fagus Forest Ecology and Management 259: 2204-2212.

Bradshaw RHW and Lindbladh M (2005) Regional spread and stand-scale establishment of Fagus sylvatica and Picea abies in Scandinavia. Ecology 86(7): 1679-1686.

Bradshaw RHW, Lindbladh M and Hannon GE (2010b) The role of fire in southern Scandinavian forests during the late Holocene. International Journal of Wildland Fire 19: 1040-1049.

Bradshaw RHW and Mitchell FJG (1999) The palaeoecological approach to reconstructing former grazing-vegetation interactions. Forest Ecology and Management 120: 3-12.

Bradshaw RHW, Wolf A and Møller PF (2005) Long-term succession in a Danish temperate deciduous forest. Ecography 28: 157-164.

Cugny C, Mazier F and Galop D (2010) Modern and fossil non-pollen palynomorphs from the Basque mountains (western Pyrenees, France): the use of coprophilous fungi to reconstruct pastoral activity. Vegetation History and Archaeobotany 19(5-6): 391-408.

Cui Q-Y, Gaillard M-J, Vannière B, et al. (2020) Evaluating fossil charcoal representation in small peat bogs: Detailed Holocene fire records from southern Sweden. The Holocene 30(11): 1540-1551.

Dahlström A (2006) Betesmarker, djurantal och betestryck 1620–1850. Naturvårdsaspekter på historisk beteshävd i Syd- och Mellansverige (Pastures, livestock number and grazing pressure 1620–1850. Ecological aspects of grazing history in south-central Sweden). Uppsala University, Uppsala.

Dahlström A (2008) Grazing dynamics at different spatial and temporal scales: examples from the Swedish historical record a.d. 1620–1850. Vegetaqtion History and Archaeobotany 17: 563-572.

Drobyshev I, Niklasson M, Ryzhkova N, et al. (2021) Did forest fires maintain mixed oak forests in southern Scandinavia? A dendrochronological speculation. Forest Ecology and Management 482: 118853.

Edwards TWD, Hammarlund D, Newton BW, et al. (2017) Seasonal variability in Northern Hemisphere atmospheric circulation during the Medieval Climate Anomaly and the Little Ice Age. Quaternary Science Reviews 165: 102-110.

Ekstam U and Forshed N (2010) Halland Väderö: naturen och historien. Klippan: Svenska Kyrkan, Torekovs Församling.

Fredh ED, Lagerås P, Mazier F, et al. (2019) Farm establishment, abandonment and agricultural practices during the last 1,300 years: a case study from southern Sweden based on pollen records and the LOVE model. Vegetaqtion History and Archaeobotany 28: 529-544.

Gaillard M-J, Birks HJB, Emanuelsson U, et al. (1992) Modern pollen/land-use relationships as an aid in the reconstruction of past land-uses and cultural landscapes: an example from south Sweden. Vegetation History and Archaeobotany 1: 3-17.

Giesecke T, Brewer S, Finsinger W, et al. (2017) Patterns and dynamics of European vegetation change over the last 15,000 years. Journal of Biogeography 44(7): 1441-1456.

Grimm EC (2015) TILIA software. Version 2.0.41 https://www.tiliait.com/download/.

Grömping U (2006) Relative importance for linear regression in R:The package relaimpo. Journal of Statistical Software 17(1): 1-27.

Halme P, Allen KA, Aunins A, et al. (2013) Challenges of ecological restoration: Lessons from forests in northern Europe. Biological Conservation 167: 248-256.

Hannon GE, Halsall K, Molinari C, et al. (2018) The reconstruction of past forest dynamics over the last 13,500 years in SW Sweden. The Holocene 28(11): 1791-1800.

Hjelle KL (1997) Relationships between pollen and plants in human-influenced vegetation types using presence–absence data in western Norway. Review of Palaeobotany and Palynology 99: 1-16.

Hjelle KL (1999) Modern pollen assemblages from mown and grazed vegetation types in western Norway. Review of Palaeobotany and Palynology 107: 55-91.

Holm S (1979) A simple sequentially rejective multiple test procedure. Scandinavian Journal of Statistics 6: 65-70.

Hultberg T, Lagerås P, Björkman L, et al. (2017) The late-Holocene decline of Tilia in relation to climate and human activities – pollen evidence from 42 sites in southern Sweden. Journal of Biogeography 44: 2398-2409.

Iversen J (1960) Problems of the early post-glacial forest development in Denmark. Danmarks Geologiske Undersøgelse IV 4: 1-32.

Iversen J (1969) Retrogressive development of a forest ecosys-tem   demonstrated   by  pollen  diagrams  from  fossil  mor. Oikos Supplement 12: 35-49.

Kuosmanen N, Seppä H, Reitalu T, et al. (2016) Long-term forest composition and its drivers in taiga forest in NW Russia. Vegetation History and Archaeobotany 25: 221-236.

Lannér J (2003) Landscape Openness: A long-term study of historical maps, tree densities, tree regeneration and grazing dynamics at Hallands Väderö. Swedish university of Agricultural Sciences, Alnarp, Sweden.

Lannér J (2017) Skogen ett levande kulturminne. Guide till Hallands Väderö. Sällskapet Hallands Väderö Natur, pp.172-197.

Lindbladh M, Axelsson A-L, Hultberg T, et al. (2014) From broadleaves to spruce – the borealization of southern Sweden. Scandinavian Journal of Forest research 29(7): 686-696.

Lindeman RH, Merenda PF and Gold RZ (1980) Introduction to bivariate and multivariate analysis. Glenview, Illinois: Scott, Foresman.

Lorenzen ED, Nogués-Bravo D, Orlando L, et al. (2011) Species-specific responses of Late Quaternary megafauna to climate and humans. Nature 479: 359-365.

Marquer L, Gaillard M-J, Sugita S, et al. (2017) Quantifying the effects of land use and climate on Holocene vegetation in Europe. Quaternary Science Reviews 171: 20-37.

Mazier F, Galop D, Gaillard MJ, et al. (2009) Multidisciplinary approach to reconstructing local pastoral activities – an example from the Pyrenean Mountains (Pays Basque). The Holocene 19(2): 171-188.

Milligan G, Bradshaw RHW, Clancy D, et al. (2020) Effects of human land use and temperature on community dynamics in European forests. Quaternary Science Reviews 247: 106458.

Molinari C, Lehsten V, Bradshaw RHW, et al. (2013) Exploring potential drivers of European biomass burning over the Holocene: a data-model analysis. Global Ecology and Biogeography 22: 1248-1260.

Mori AS, Isbell F and Seidl R (2018) β-Diversity, Community Assembly, and Ecosystem Functioning. Trends in Ecology & Evolution 33(7): 549-564.

Mörner N-A (1969) The late quaternary history of the Kattegatt Sea and the Swedish West Coast: deglaciation, shorelevel displacement, chronology, isostasy and eustasy. Stockholm University, Stockholm.

Niemi M, Sajantila A, Ahola V, et al. (2018) Sheep and cattle population dynamics based on ancient and modern DNAreflects key events in the human history of the North-East Baltic Sea Region. Journal of Archaeological Science: Reports 18: 169-173.

Nilsson SG (1997) Forests  in  the  temperate-boreal  transition: natural and man-made features. Ecological Bulletins 46: 61-71.

O'Dwyer R, Marquer L, Trondman A-K, et al. (2021) Spatially continuous land-cover reconstructions through the Holocene in southern Sweden. Ecosystems. DOI: https://doi.org/10.1007/s10021-020-00594-5.

Raab B and Vedin H (1995) Climate, Lakes and Rivers. The National Atlas of Sweden. Höganäs, Sweden: Bokförlaget Bra Böcker, 176.

Reitalu T, Seppä H, Sugita S, et al. (2013) Long‐term drivers of forest composition in a boreonemoral region: the relative importance of climate and human impact. Journal of Biogeography 40(8): 1524-1534.

Roberts N, Fyfe RM, Woodbridge J, et al. (2018) Europe’s lost forests: a pollen-based synthesis for the last 11,000 years. Scientific Reports 8(716): 716.

Seidl R, Honkaniemi J, Aakala T, et al. (2020) Globally consistent climate sensitivity of natural disturbances across boreal and temperate forest ecosystems. Ecography 43: 967-978.

Sugita S (2007) Theory of quantitative reconstruction of vegetation. I. pollen from large sites REVEALS regional vegetation composition. The Holocene 17(2): 229-241.

Sundberg S, Carlberg T, Sandström J, et al. (2019) Värdväxters betydelse för andra organismer – med fokus på vedartade värdväxter (The importance of vascular plants (notably woody species) to other organisms). ArtDatabanken Rapporterar. Uppsala: ArtDatabanken SLU.

Vera FWM (2000) Grazing ecology and forest history. Wallingford: CAB International.

Whitlock C and Larsen C (2001) Charcoal as a fire proxy. In: Smol JP, Birks HJB and Last WM (eds) Tracking Environmental Change Using Lake Sediments. Dordrecht: Springer, pp.75-97.

Willerslev E, Davison J, Moora M, et al. (2014) Fifty thousand years of Arctic vegetationand megafaunal diet. Nature 506: 47-51.

Zuur AF, Ieno EN, Walker NJ, et al. (2009) Mixed effects models and extensions in ecology with R. New York: Springer.



[image: image9.png]Grazing indicators

s S



[image: image10.emf]-2000

-1900

-1800

-1700

-1600

-1500

-1400

-1300

-1200

-1100

-1000

-900

-800

-700

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

600

700

800

900

Age BC/AD

5

10

15

20

25

30

35

40

45

50

55

Depth (cm)

Charcoal>450u

20 40 60

Charcoal>385um

20 40

Betula pubescens(f/br)

Betula(b)

Betula(l)

20 40

Quercus robur/petraea(b)

Tilia(f)

20

Fagus sylvatica(br/l)

Vaccinium (l)

Polygonum (f)

Rubus fruticosus agg.(s)

Lycopus europaeus (nt)

Rubus idaeus (s)

Polygonum (f)

Sedum (nt)

20 40 60

Urtica dioica (f)

Poaceae (s) Plantago (s)

Brassicaceae (s)

Filipendula (s)

Asteraceae (s)

20

Saxifraga (s)

Carex (f)

50 100 150

Eleocharis palustris (f)

Sparganium emersum (f)

20 40

Apium (s)

Hydrocotyle vulgaris (f)

20 40

Juncus (s)

20

Ranunculus flammula (f)

Glyceria fluitans (s)

Potamogeton (f)

Potentilla palustris (s)

Alisma plantago-aquatica (s)

Lamiaceae unk (nt)

[image: image11.emf]-2000

-1900

-1800

-1700

-1600

-1500

-1400

-1300

-1200

-1100

-1000

-900

-800

-700

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

600

700

800

Age BC/AD

5

10

15

20

25

30

35

40

45

50

55

Depth (cm)

20 40 60

Alnus

20 40 60 80

Quercus

20

Betula

20

Salix

10

Corylus

20 40

Fagus

5

Tilia

5

Ulmus

5

Fraxinus

5

Pinus

5

Carpinus

5

Picea

5

Acer

5

Sorbus

5

Populus

5

Frangula

20

Juniperus

5

Ericaceae

5

Calluna

100200300400500

Alnus PAR

2004006008001000

Quercus PAR

100 200 300 400

Fagus PAR

1000 2000 3000

Corylus PAR

500 1000 1500

Tilia PAR

1000200030004000

Juniperus PAR

Trees and Shrubs

x100 x100 x100

