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Abstract

:

An 8500-year record of high-resolution pollen, non-pollen palynomorph, microscopic charcoal and selected geochemical data (Ti, Zr and Pb) is presented from an ombrotrophic mire from the Xistral Mountains, Galicia, North-West Iberia. The results suggest that vegetation changes over the last eight millennia are primarily the result of human disturbance, fire and climate change. Climate and fire were the main factors influencing vegetation development during the early to mid-Holocene, including a short-lived decline in forest cover c. 8.2 cal. ka BP. Changes associated with the 4.2 and 2.8 cal. Ka BP events are less well defined. Human impact on vegetation became more pronounced by the late Holocene with major periods of forest disturbance from c. 3.1 cal. ka BP onwards: during the end of Metal Ages, Roman period and culminating in the permanent decline of deciduous forests in the post-Roman period, as agriculture and metallurgy intensified, leading to the creation of a cultural landscape. Climate change appears to become less influential as human activity dominates during the Late Holocene.
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1. Introduction


There has been much debate with regard to how global climate events have influenced vegetation and cultural change during the Holocene [1,2,3,4,5,6,7,8,9]. Notwithstanding various issues of comparing proxy data with the archaeological and historical record [10], many notable climate changes appear to coincide with major archaeological transitions, cultural development, changes in settlement and land use [11,12,13,14], societal disruption [15,16] and plagues [17]. A close connection between climate change and vegetational response has also been suggested [18,19] and although recent research has tried to determine the respective roles climate and human activity played in shaping the evolution of vegetation and the landscape during the Holocene [20,21,22], it is still not fully resolved.



An often-cited criticism of many palaeoecological studies is that the data is of low resolution and lacks sufficient temporal resolution to identify climate changes at sub-millennial timescales [23] or there is insufficient proxy data to disentangle climatic drivers of change from human agencies unambiguously [24], with studies over-reliant on one proxy. Thus, many of the complexities involved are still poorly understood [8]. It can be difficult to establish causal relationships between cultural and environmental changes given the imprecise chronologies and the fragmentary nature of many of the palaeoecological records [25]. There is a need for further long-term vegetation studies to better understand the interaction and time lags between climate, vegetation change and humans in the Iberian Peninsula [25]. This paper partly addresses these issues by using a fine resolution, multi-proxy dataset to reconstruct vegetation, climate changes, soil erosion and fire histories during the Holocene from an ombrotrophic mire in the Xistral Mountains, Galicia, NW Spain. We use pollen, non-pollen palynomorphs (NPPs), microscopic charcoal, selected geochemical and peat humification data to examine the complex and multifaceted relationship between climate changes, human activity, fire and vegetation changes in the region during the last eight millennia.




2. Sites, Archaeological Context, and Methods


2.1. Site Characteristics and Sampling


The Pena da Cadela (PDC) ombrotrophic mire is situated in the Xistral Mountains in NW Spain at an elevation of 970 m and at 25 km south of the Atlantic coast (Figure 1). The PDC bog is a saddle mire of 0.5 ha, slightly domed at its centre, immersed in a large blanket macrotope that covers around 800 ha. The mean annual temperature is 7.5 °C and mean annual precipitation is approximately 1800 mm [26]. Present day mire vegetation is dominated by sedges (Carex durieui, C. vulgaris, C. panicea, Eleocharis multicaulis) and grasses (Agrostis curtisii, A. hesperica, Molinia caerulea, Deschampsia flexuosa). Heathers are also present (Erica mackaiana, E. cinerea) [27]. The ombrotrophic nature of this bog is corroborated by the low ash content, pH and bulk density, as well as other geochemical parameters [28].



A 4-metre-deep core, named PDC2, was extracted from the ombrotrophic mire in close proximity (within 50 m) to the original sampling site (PDC) [29]. It was sliced into 1 cm thick sections in the upper metre and into 2 cm slices from 1 metre depth to the base of the peat. The new sampling site was chosen to provide a longer temporal record and to collate more data at a finer resolution from additional proxies to help disentangle the respective roles of climate, fire, and human impact on vegetation throughout the Holocene. The aim of this paper is not to compare the two sites in detail, but the new data presented here replicates the main changes identified during the last five millennia recorded at site PDC.



There are numerous archaeological sites relatively close to PDC including rock-shelters, caves and open-air sites [30,31,32]. Upper Palaeolithic layers occur at South in Pena Grande and Férvedes II, and Epipalaeolithic sites at Xestido III (8400–7800 cal. BP), Pena Vella, Chan da Cruz and the Rei Cintolo Cave (8600–8400 cal. BP) [30,31,32,33,34]. Megalithic mounds appeared in the 5th millennium BC and some were reused during the 3rd to 2nd millennium BC transition, but interest in these locations may extend back into the Mesolithic [35]. Some small megalithic funerary monuments have been found relatively close to PDC, including Pena do Seixo “mámoas” (2 mounds; located 2.4 km to the south) and Mamoas Pena Corval (11 mounds; 3 km to the west); both situated at 890 m and 700 m a.s.l., respectively. Two large funerary areas with 11 monuments in one of them (Mamoas Pena Corval; 3 km to the west) and 5 in the other (Mamoas de Corvelle; 3.4 km to the east), as well as an area with 11 rock-art panels (Chao das Sinas; 4.3 km to the North) are located within less than 5 km (Figure 1). They are attributed to this time period based on archaeological evidence, but there is no absolute dating. To our knowledge, there are at least five hillforts surrounding PDC mire to the west, the largest one known as Torre Mura. The occupancy of the hillforts, locally called “castros”, usually extended until the Roman period, and many of them have occupation layers up to the 2nd century AD or even the 3rd or 4thcenturies AD [36]. Therefore, it is difficult to distinguish between Iron- and Roman Age occupation without further excavations. Nevertheless, the proximity (4–4.5 km to PDC) and number of hillforts point to a high use of the space that certainly incorporated the study area.




2.2. Radiocarbon Chronology and Age-Depth Model


Fourteen bulk peat samples were sent to Beta Analytic Inc. (Miami, FL, USA) for radiocarbon dating. The age of the base of the core indicates that the peat has accumulated over the last 8500 calibrated years BP (Table 1). Ages were calibrated using CALIB 8.2 and IntCal20 northern hemispheric radiocarbon calibration curve [37]. An age-depth model for PDC2, constructed using CLAM [38], is shown in Figure 2. All dates mentioned in this paper are given as calibrated years BP and are rounded up/down to the nearest half decade.




2.3. Palynological Record


Palynological analyses were undertaken using standard techniques [39]. Sub-samples of 1 cm in diameter from each peat slice were prepared for palynological analysis using the procedure [40]. Pollen, NPPs and microscopic charcoal particles were extracted an counted at 1–2 cm intervals. At least 500 land pollen grains were counted for each sub-sample and for most layers at least 100 NPPs were also recorded. One Lycopodium clavatum tablet was added to each sub-sample [41]. Pollen identification was made using identification keys [39,42] and a reference collection housed in the School of Geosciences at the University of Aberdeen. Cereal-type pollen was differentiated from wild grass pollen based on grain size, pore and annulus diameter and surface sculpturing [43]. Pollen preservation was recorded [44] and damaged pollen grains were classified as broken, corroded, crumpled or degraded. Pollen grains that had no remaining distinguishing features were categorised as unidentified. As the separation of Myrica gale from Corylus avellana can be difficult, these pollen grain types are classified as Corylus avellana-type [45]. Basic land use designations interpreted from the pollen records are used [46]. NPPs were identified using the HdV system [47].



The pollen data are expressed as percentages of total land pollen (TLP), excluding spores and aquatics. Spores and aquatics are also expressed as percentages of TLP, whilst NPPs are expressed as the sum of total land pollen and NPP excluding HdV12. Due to its abundance HdV12 is expressed as a percentage of TLP and NPPs including HdV12. The pollen diagrams were constructed using Tilia and Tilia.graph [48]. Pollen nomenclature follows Stace (1991) [49]. Microscopic charcoal was recorded during palynological counting to at least 100 fragments (when possible), were split according to their size (0–21 µm, 21–50 µm and >50 µm) and expressed as a percentage of TLP. Percentages diagrams for selected pollen and NPPs are shown in Figure 3a,b and Figure 4. Complete diagrams are available in the Supplementary Information (Supplementary Material Figures S1a,b and S2).




2.4. Geochemistry


Selected chemical elements were analysed to trace soil dust deposition (Ti and Zr) and atmospheric metal pollution (Pb). Increases in dust can be related to soil erosion and storminess [50,51,52,53], while atmospheric metal pollution is related to mining and metallurgy [54,55]. Concentrations of these elements were determined using an X-ray fluorescence dispersive EMMA-XRF analyser [56], housed at the RIAIDT facility at the University of Santiago de Compostela. Calibration was done using standard reference materials and detection limits were 2 µg g−1 for Ti and 0.5 µg g−1 for Zr and Pb.




2.5. Peat Humification


The humic acid fraction of dried and milled peat samples was extracted using a solution of 8% NaOH. UV-transmission of the NaOH peat extracts was then measured at the University of Santiago de Compostela using a spectrophotometer set at a wavelength of 540 nm following the procedure outlined by Blackford and Chambers (1993) [57]. This index is usually interpreted as reflecting wet (low peat decomposition) and dry (high peat decomposition) conditions, although other factors, such as changes in vegetation, may also be involved [58,59,60]. It is also affected by the long-term increase in peat decomposition [61]. Thus, to capture shorter-term variations, we detrended the results from the long-term variation.




2.6. Numerical Methods


Principal Component Analysis (PCA) was performed to help to extract the regional landscape signals (using pollen types) to summarise common patterns of variation beyond the raw data and to obtain further insights into the underlying environmental factors influencing the, hence vegetational communities and land use change. The analysis was done using SPSS 24 in correlation mode and by applying a varimax rotation on the transposed data sets (i.e., samples as columns and types as rows) since the objective of this analysis is to help identify responses to environmental changes, whether induced by climate and/or human activity using the pollen dataset. In this way, each component represents an assemblage of palynomorphs ideally related to environmental factors: the component scores for each palynomorph indicate their relative abundance (positive, higher than average; negative, lower than average), while the square of the loadings of the samples indicates the relative weight of the palynomorph assemblage on the sample palynological composition [21].



The datasets were first normalised using Z scores to avoid scaling effects in the classification and obtain average-centred distributions [62]. For zonation for the palynological diagrams, constrained incremental sum-of-squares (CONISS) cluster analysis was performed [63] after applying a square-root transformation and Edwards and Cavalli Sforza’s chord distance dissimilarity measure to measure all taxa counts for zone delineation.





3. Results


3.1. Changes in Vegetation and Land Use


3.1.1. Palynological Records


Pollen and NPP data are shown in Figure 3 and Figure 4. Zone descriptions are provided in Supplementary Material Table S1. The PDC2 palaeoenvironmental record commences c. 8470 cal. BP. Mixed deciduous forest dominated by deciduous oak and hazel (Deciduous Quercus and Corylus avellana-type) was established for most of the Holocene. Fluctuations in the total percentage of arboreal pollen reveals several phases of expansion and regression throughout prehistorical and historical times, with a permanent, gradual decline in woodland since c. 1695 cal. BP. Archaeological evidence in the region [64] demonstrates humans were present since the Upper Palaeolithic and Mesolithic and evidence for human activity is present throughout most of the PDC2 record and coincides with known cultural periods in NW Spain: the Upper Palaeolithic and Mesolithic (Epipalaeolithic [pre-7500 cal. BP], the Neolithic [from c.7500 to 5000 cal. BP], the Metal Ages (Chalcolithic [c. 5300–4200 cal. BP], Bronze Age [c. 4200–2750 cal. BP] and Iron Age [c. 2750–2000 cal. BP], the Roman period (2000–1500 cal. BP) and subsequent periods including Late Antiquity, Middle Ages and post-Medieval times (AD 1500-present).



Upper Palaeolithic and Mesolithic: Based on changes in the pollen record, vegetation in the earliest part of the record (PDC2a and bi; Figure 3a,b) is characterised by mixed deciduous oak forest. Corylus and Betula were relatively abundant owing to relatively humid conditions in the uplands [10]. The arboreal pollen records a sharp, short-lived decrease in deciduous Quercus and Betula at c. 8240 cal. BP. deciduous Quercus recovered by c. 7935 cal. BP, but Betula remained at lower percentages as Pinus, Alnus and Corylus avellana-type all increase slightly. Forest cover reached its early Holocene maximum by c. 7575 cal. BP (PDC2bi) before gradually declining (primarily evident in the Deciduous Quercus and Corylus avellana-type pollen) until c. 6880 cal. BP, the Early Neolithic in NW Iberia. Heathland and/or peatland becomes established during the early Holocene with Calluna pollen well represented in PDCa and, to a lesser extent, PDC2b along with Ericaceae. Local mire vegetation was dominated periodically by Cyperaceae although its abundance declines in PDCb and appears to have been replaced by Poaceae probably growing on the peat. Grasslands also persisted with a suite of herbaceous taxa including taxa affiliated to wetter substrates and meadow/disturbance/ruderal habitats recorded in the pollen record [46]. Coprophilous dung fungi are present in mostly trace amounts and they suggest herbivores grazed in the local vicinity [65,66] (Figure 4). Fire may have been used as a management tool to clear forests to create openings for hunting and gathering as microscopic charcoal is well represented between c. 7600 and c. 6700 cal. BP (PDC2bi; Figure 3a).



Neolithic and Chalcolithic: Based on changes in the pollen record, oak-hazel forest continues to be the main land use despite gradually declining from c. 6765 to c. 6165 cal. BP (PDC2bii; Figure 3), reflected in the loss of Deciduous Quercus pollen to the advantage of both Alnus and Betula. Later in the Neolithic, c. 5765 cal. BP, oak-hazel forest recovered to levels comparable with the early Holocene, c. 7500 cal. BP (start of zone PDC2c). Competition between the major tree taxa, most likely accounts for changes in forest composition (imitated by fluctuations in total arboreal pollen percentages) into the Chalcolithic period, culminating with a short-lived forest decline, c. 4440 cal. BP (PDC2di). Shifts in the percentage of arboreal pollen suggest a pattern of forest openings followed by recovery, e.g., Corylus avellana-type recovers briefly only to decline again throughout zone PDC2dii with Betula. Possible evidence of human activity can be inferred from the non-arboreal pollen record albeit in a sporadic and suppressed form throughout the Neolithic and, to a lesser extent, in the Chalcolithic. Several NAP taxa with cultural affinities are recorded either intermittently in low percentages or as an occasional short-lived peak. Their presence is possibly the result of small openings in the forest canopy (such as the reduction in Corylus avellana-type pollen in the upper part of PDC2bii and PDC2c), which were possibly exploited for grazing and/or small-scale cereal production. Evidence for grazing and/or decaying wood is supported by the presence of coprophilous fungal spores [66,67,68,69] (Figure 4). Cereal-type pollen is recorded for the first time at c. 6250 (290 cm; PDC2bii) and c. 5615 cal. BP (PDC2c; Figure 3b). Despite this, the proportion of arboreal pollen suggests that forest cover was relatively stable between c. 6700 and c. 4300 cal. BP. Microscopic charcoal values decreased from c. 6600 cal. BP suggesting that fire (deliberate or natural) was less important in manipulating the composition of vegetation and/or use by the local population.



The Bronze and Iron Age: Forest continued to dominate land cover during the Early and Middle Bronze Age with rising values of Alnus, Betula and Corylus avellana-type. By c. 3135 cal. BP, a decrease in deciduous Quercus and Betula initiates a sustained, permanent decline of tree pollen and values of Corylus avellana-type pollen subsequently decreases gradually as well (especially in the uppermost part of PDC2diii). These trends reflect a phase of forest clearance, initiated in the Metal Ages, culminating in major forest clearance (as shown by the sudden decrease in arboreal pollen) during the end of Iron Age and beginning of Roman period, c. 1905–2000 cal. BP. NAP taxa often associated with agricultural activities are regularly recorded albeit in trace amounts, as well as cultivated arboreal taxa such as Oleaceae and Vitis. Coprophilous spores of Sordaria-type (HdV55A/B), Sporormiella-type (HdV112), Apiosordaria verruculosa-type (HdV169) and Podospora-type (HdV368) are all present in the palynological record during this phase of forest disturbance (Figure 4). These fungal spores have been found in deposits from archaeological settlements [68,69,70] and support land being grazed. The sporadic occurrence of cereal pollen indicates that a mixed arable/pastoral economy existed during this time.



The Roman period: A sizeable decrease in total arboreal pollen percentages is observed during the end of Iron Age and Roman period at PDC2 (c. 1905–1790 cal. BP), falling to percentages of around 18% TLP (Figure 3a). This decline begins at the start of PDC2e when Corylus avellana-type and deciduous Quercus percentages fall rapidly before recovering by the end of the zone. Concomitant with this is the increase in abundance and/or regularity of Calluna and Cyperaceae, indicating the expansion of heath and/or peatland. Poaceae and other herbs associated with human activity are present along with cereal-type and Vitis providing evidence of agricultural activity and disturbance. Grazing indicators, Sordaria-type (HdV55A/B) and Sordariaceae ascospores, are recorded but other coprophilous dung fungi are absent (Figure 4). Forest clearance for agriculture characterises the Roman period. Analysis of atmospheric dust suggests that soil erosion occurred on a regional scale from agriculture [50,71].



Late Antiquity, Middle Ages & post-Medieval times: Forest regeneration occurred during the Late Roman period (1790–1695 cal. BP) followed by another rapid, permanent clearance (shown by decreased AP at start of PDC2f; Figure 3a). Total AP percentages remain low up until c. 1254 cal. BP (the middle of PDC2f), with a very short-lived recovery before continuing to decrease until c. 580 cal. BP. Another very brief recovery of arboreal pollen is followed by further decrease suggesting the clearance of woodland, culminating at 8500-year total AP minima, c. 265 cal. BP. Deciduous Quercus, Pinus, Ulmus and Corylus avellana-type are all affected. Cultivated trees, such as Castanea, which appears for the first time at the start of zone PDC2f (c. 1690 cal. BP, Late Roman Empire), and Vitis and Oleaceae are also recorded more frequently in the uppermost zones (Figure 3a). The modest recovery of forest cover during the last two centuries is mainly due to Pinus. The conversion of forest to pasture and cereal cultivation is supported by the presence of cereal-type pollen, increased Poaceae and the occurrence of a suite of NAP taxa normally associated with anthropogenic activity. Other fungi associated with dung or decaying wood, such as Cercophora-type (HdV112) and Podospora-type (HdV368), are also recorded [69]. An increase in Ericaceae percentages, along with Pinguicula and Pedicularis-type reflect the continued presence of peat in the local vicinity.




3.1.2. Principal Component Analysis


Five principal components (R_Cp) explained 98.4% of the total variance of the palynological signal. R_Cp1 (46.6%) is characterised by large positive scores for arboreal pollen taxa (Supplementary Material Table S2). The taxa in R_Cp1 with negative scores include Calluna, cultivated trees such as Castanea, and cereal-type pollen. R_Cp1 describes the development of the mixed deciduous forest versus the evolution of a cultural landscape (Figure 5). R_Cp2 (38%) is characterised by Poaceae and Calluna and, to a lesser extent, deciduous Quercus and Alnus. In contrast, Corylus avellana-type has a strong negative score, which suggests that this component relates to the opening of the landscape and competition between trees. Chronologically, the loadings of this component increase dramatically by c. 2000 cal. BP and dominate the signal thereafter (Figure 5). R_Cp3 (9.5%) is characterised by the positive scores of Calluna and a negative score of Poaceae, and probably relates to competition of these taxa on the bog and between heathland and grassland. The remaining R_Cp components (R_Cp4 & R_CP5) have a very small proportion of the shared variance (1.3 and 0.5%, respectively). R_Cp4 (1.3%) relates to possible inter-specific competition between deciduous Quercus and Corylus avellana-type, the cause of which can be difficult to disentangle [72] (Bennett and Lamb, 1988). This component is mainly recorded when there is a sudden decrease in R_Cp1. If so, then R_Cp4 may be reflecting a higher resilience of deciduous Quercus than Corylus to environmental stressors such as edaphic factors despite hazel growing well on both acidic and alkaline soils [72]. Bennett and Lamb (1988) also suggest taphonomic factors may suppress flowering and pollen production especially if hazel is an understorey shrub. R_Cp5 (0.5%) shows positive scores for Pinus and, to a lesser extent, pollen types of cultivated taxa and Plantago lanceolata, and negatively correlate to deciduous Quercus and Poaceae. Weights increase in the last 300 years coinciding with higher agricultural expansion and the planting of pine plantations since the industrial revolution (Figure 5).




3.1.3. Changepoint Analysis


Changepoint (CP) modelling was applied to selected pollen (types with significant scores from the PCA) and humification data to assess statistically the significance of climatic and environmental changes more objectively [71] and has been applied successfully to other datasets from bogs [58,61]. This approach is based on Bayesian transdimensional Markov chain Monte Carlo [73]. has been undertaken on the principal pollen taxa both combined (Figure 6) and individually (Figure 7).





3.2. Geochemistry


Titanium (Ti) and Zirconium (Zr) display similar trends (Figure 8): prominent peaks c. 8100, c. 6080, an initially rapid and ultimately sustained rise in values between c. 4000 and c. 870 cal. BP and a large increase from c. 745 cal. BP to the present. Lead (Pb) concentrations show the typical record previously found regionally [74,75] and other areas of Europe [55] characterised by low concentrations (<1 µg g−1) until the beginning of the Iron Age (c. 2800 cal. BP), increasing to reach a maximum (17 µg g−1) in the Roman period, decreasing thereafter only to rapidly increase again in the last 500 years—peaking in the late 20th century AD (Figure 8).




3.3. Changes in Humidity in the Palynological and Peat Humification Record


To examine the relationship between the behaviour of palynomorphs with climate, we used several independent proxies to derive evidence for peat decomposition and wet or dry bog surface conditions. The proxies used were: (1) the detrended peat humification transmission data. Notwithstanding, the possible limitations of reconstructing peat humification using UV-ABS [59], peaks, indicative of lower decomposition are most likely due to wetter conditions and lower values suggestive of increased decomposition and drier phases (Figure 8). (2) Changepoint analysis has been undertaken on the humification data (Figure 9) to reveal significant changes: 12 main dry shifts are identified: 8240–8090, 7540, 6900–6750, 6380–5900, 5220–4390, 3610–3240, 2720–2460, 2150–1900, 1610–1320, 1190–960, 460–220 and <90 cal. BP with wetter phases in between. (3) Selected palynomorphs considered to be sensitive to changes in bog surface wetness on this peatland based on earlier findings principally Cyperaceae and some NPPs (HdV10, 18, 306) [29]. PCA undertaken on the PDC data informed that for PDC2 the sum of ericaceous dwarf shrubs, Cyperaceae and HdV18 were best suited to decipher the climatic signal contained within the palynological record as they accounted for a larger proportion of the variance of the palynological dataset. These proxies for PDC2 are represented in Figure 8. The sum of Ericaceae and Cyperaceae show a negative co-variance for most of the record (e.g., at c. 8100 cal. BP, c. 4500 cal. BP and from c. 1700 to c. 630 cal. BP) but show inconsistencies again in the last c. 600 years. HdV18 shows a negative covariance with the sum of Ericaceae for most of the record while the other NPP proxies have quite specific records. HdV18 mostly covaries (negatively) with HdV10 until c. 4000 cal. BP when the latter sharply decreases and maintains very low values thereafter, except for a brief increase between c. 1360 and c. 920 cal. BP and by c. 90 cal. BP (Figure 8). HdV10 almost disappears completely whilst HdV18 remains stable at c. 4400 cal. BP and has a sizable short-lived increase at c. 750 cal. BP, and these slightly precede an increase in atmospheric dust deposition (by c. 3800 and 500 cal. BP). Conversely, HdV306 is absent in peat samples older than c. 3330 cal. BP, only to be continuously but irregularly present up until recent times (Figure 8). It shows distinctive peaks at c. 2700, c. 2120, c. 1360, and c. 430 cal. BP.





4. Discussion


4.1. Early Holocene (Upper Palaeolithic and Mesolithic, pre 7500 cal. BP)


The early stages of a temporary decrease in mesophilous Deciduous Quercus and Corylus and the short-lived increase of Betula and, to a lesser extent, Pinus in zone PDC2a coincide with the global, abrupt, cold and arid 8.2 ka climate event, characterised by a drop in temperature starting around 8600 cal. BP and spanning around 400 to 600 years [9,76,77]. The impact is registered in climatic records reconstructed across Iberia and further afield [19,78]. At PDC2, changepoints at c. 8240 and after 8090 cal. BP frames a dry shift (Figure 9). Similar vegetation changes occurred simultaneously with the 8.2 ka event in the Western and Eastern Cantabrian Mountains [79], as well as at other locations in Galicia and beyond [80,81]. Short-lived peaks in Poaceae also occur in nearby valleys around this time [34,82]. Changepoint analysis does not identify a significant change in Poaceae at PDC2 at this time (Figure 7) but the combined changepoint data (Figure 5) reveals significant changes took place between c. 8280 and c. 7890 ka cal. BP which probably marks the fluctuation in arboreal pollen percentages (and therefore forest abundance), and this is especially evident in individual analyses for Betula at c. 8300 and c. 8100 and Deciduous Quercus at c. 7940 to c. 7860 cal BP. Ti and Zr peak, signifying synchronous increased dust deposition [76] (Figure 8). Other non-climatic explanations to account for these vegetation changes include Mesolithic human activity, fires, and natural diseases in NW Iberia [79]. At PDC2, Calluna and Cyperaceae increased simultaneously (Figure 3b), suggesting heathland and/or peat developed in the newly open landscape, as forest cover declined.



Archaeological evidence for Mesolithic peoples present in the Xistral and Cantabrian Mountains is evident from a dense network of sites, including occupation of rock-shelters, caves and open-air sites [30,31,32,83], suggesting an intensification of human activity from 8500 BP onwards. It has been suggested that the passage to the coast as well as water resources/wetland exploitation may have been important control issues for these communities [31,33]. They are also characterised by using local lithic industry that indicates a good-knowledge and management of their territory. It is difficult to know what their relationship with the forest was, despite archaeological evidence suggestive of a human presence in humid and/or waterlogged areas around Xistral [84]. Firm evidence for human activity is not visible in the PDC2 microfossil record (Figure 3 and Figure 4) and does not detect any intensification of human impact just before, or during, the 8.2 ka climate event to invoke it as a cause of the decline in the deciduous oak-hazel forest. NAP taxa often associated with human disturbance are only recorded sporadically in trace amounts during zone PDC2a and some of these taxa could be late-glacial relicts. Apart from Sordariaceae, obligate coprophilous fungi, indicative of herbivores, are suppressed, only occurring either side of the decline of trees, although herbivores could have exploited this more open landscape [25]. Less intense human activity may have been due to some disruption caused by the 8.2 ka event to subsistence strategies [9,85,86] as activity was locally absent or of insufficient intensity to be registered in the PDC2 records. A modest increase in microscopic charcoal is recorded (Figure 8), a feature often observed on the Iberian Peninsula [87], but only after a fall prior to the loss of trees suggesting that wild or intentional fire was not a significant causal factor of the vegetation changes recorded between c. 8240 and c. 7935 cal. BP surrounding the mire, even though fires are part of the ecology of NW Iberia, typified by charcoal present in colluvial soils c. 8500–7000 cal. BP [88].



The predominantly deciduous oak-hazel forest (Figure 8) recovered rapidly and reached its maximum (based on pollen percentages) from c. 7850 to c. 7575 cal. BP, marked by a significant changepoint at c.7890 cal. BP (Figure 5) until the late Holocene, a pattern common during the Climatic Optimum [79,89,90]. Wetter climatic conditions coincide with dominance of arboreal pollen between c. 8090 and 7540 cal. BP. Forest cover then fluctuates between minor phases of expansion and regression throughout the mid-Holocene.




4.2. Later Mesolithic-Neolithic (c. 7500–5000 cal. BP)


Two phases of gradual forest regression occur between c. 7575 and c. 6880 cal. BP, the start and end of which are marked by significant shifts in humidity (Figure 9) and arboreal pollen (Figure 6). Significant shifts in bog surface wetness occur at c. 7540 cal. BP, indicative of wetter conditions and two suggestive of drier conditions at c. 6900 and c. 6750 cal. BP. Two changepoints at c. 7540 and c. 7330 cal. BP mark a decrease in Deciduous Quercus pollen (Figure 3a, sub-zone PDC2bi) and suggest that oak was the most adversely affected taxon although Corylus avellana-type also declines c. 7500 cal. BP. Following a brief recovery, a further suppression of forest cover from c. 6700 to c. 6165 cal. BP, marked by a combined changepoint at c. 6720 cal. BP (Figure 6), coincident with a shift towards drier conditions from c. 6750 cal. BP to c. 5900 cal. BP. At PDC2, bog/heath/grasslands expand into areas denuded of forest, as reflected by increased Poaceae, with a significant CPs at c. 7410 and c. 6690 cal. BP (Figure 7), the expansion of Ericaceae, with less significant CPs at c. 7210 and c. 6370 cal. BP, and regular percentages of Calluna and Vaccinium-type during the first phase. Fire could have played a role in gradually lowering tree cover as a series of large peaks in the microscopic charcoal record occur through PDC2bii enveloping the rise and fall in Poaceae. NAP indicators for human activity are restricted to sporadic, trace amounts suggesting that any activity was small scale and of insufficient intensity to drive any vegetation changes at this time [25,91] despite a series of studies suggesting rapid population growth between c. 7400 and c. 6750 cal. BP across Iberia [87,92,93]. Grazing is also less evident in the PDC2 NPP record, and by implication, the presence of ungulates [47,66,69]. A combination of climate and fire is most likely driving the vegetation changes during the early to mid-Holocene. A synthesis of charcoal records from Iberia also identifies the increased occurrence of fire between 7600 and 7000 cal. BP [87].



The second phase of reduced forest cover (Figure 8) reached a minimum at c. 6165 cal BP, then began to recover very gradually as arboreal percentages increase. Fagus is recorded for the first time (at the start of PDC2c) but never increases beyond trace amounts [79]. Synanthropic taxa continue to occur infrequently and/or in low values, whilst microscopic charcoal values are small compared to the first phase of reduced forest cover. One exception to these trends occurs at the top of sub-zone PDC2bii, c. 6025–5900 cal BP, and provides evidence for possible local human interference, when Corylus avellana-type, marked by a significant changepoint at c.5900 cal. BP, and deciduous Quercus values dip and correspond with increased Alnus and Betula (Figure 3a), and peaks in grazing indicators. This coincides with a slight rise in microscopic charcoal in contrast to the composite record of fires for Iberia [87]. A period of increased soil erosion is suggested by Glomus cf. fasciculatum chlamydospores (HdV207) (Figure 4), increased Zr and Ti (Figure 8). HdV 207 is a possible erosion marker, but some studies suggest this interpretation is not valid for peats as the spores could be produced from mycorrhizal mycelia related to their host plants rooted in the peat [94]. In this case, however, the Glomus spores do appear to be associated with disturbance and increased dust deposition, although there is a lack of herbaceous pollen indicative of human activity at this time.



Although there is evidence of an incipient human impact, the lack of cereal and pastoral pollen during the Later Mesolithic-Neolithic in the PDC2 core is consistent with the suggestion by Fábregas Valcarce et al. (2007) [95] and that an increasing number of early Neolithic sites were located away from the higher parts of the landscape even though higher ground continued to retain special significance for a long period [96]. Neolithic or Chalcolithic megalithic mounds and funerary monuments are relatively close to PDC (Figure 1b and Figure 10). Although these activities were not practised close to the PDC mire, phases of increased construction of large megalithic mounds are described for NW Iberia which could also have been an indirect influence on the observed anthropogenic forest modification, e.g., between 4900 and 4600 cal. BP [97]. No significant CPs are identified at this time in the PDC2 pollen data despite encompassing a dry shift between c. 5200 and c. 4390 cal. BP and no human remains have been found close to the Xistral Mountains [97]. Ramil-Rego (1992) also suggests that palynological evidence for human activity is scarce at higher altitudes and settlements are more abundant at lower altitude in the valleys [98]. The fluctuation in tree pollen at PDC2 is largely in agreement with two tree pollen maxima in the Western and Eastern Cantabrian Mountains: between 8000–7500 and 4500–2500 cal. BP, respectively, interrupted by a period of lower tree pollen percentages [79]. This is largely conditioned by climate dynamics, especially higher temperatures during the periods of tree pollen maxima and more variable and generally lower temperatures in between [79]. The PDC2 pollen record supports this idea as any human interference was of low intensity and the lack of significant CPs also suggests that forest cover was relatively stable.



While the lack of significant CPs between c. 6500 and c. 4000 cal. BP (Figure 6) suggests that these forests were relatively stable during the later stages of the Holocene climatic optimum and the beginning of the neoglacial period, individual arboreal taxa do show some changes. Corylus avellana-type pollen decrease and Betula increases during a dry shift between c. 6380 and c. 5900 cal. BP with both changes identified in the CP record (Figure 7). By c. 5765 cal. BP, arboreal pollen percentages increase at the start of zone PDC2c, coincident with a wetter phase based on the peat humification record (Figure 9), and show small fluctuations into PDC2di, implying more extensive tree cover through the end of the Neolithic and into the Chalcolithic period. Possible human disturbance phases occurred c. 5600–5500 cal. BP and c. 5250 cal. BP adversely affecting deciduous Quercus and Corylus avellana-type (zone PDC2c, Figure 3 and Figure 4), but changepoint analysis does not identify these as significant (Figure 6 and Figure 7) with exception of a small but sustained increase in Alnus at c. 5640 cal. BP. HdV55A/B, Sordariaceae and Glomus cf. fasciculatum chlamydospores (HdV207), Zr and Ti all increase. There is also a weak signal from selected non-arboreal anthropogenic indicators: all are represented in trace amounts (Figure 3b).




4.3. Metal Ages (c. 5000–2000 cal. BP)


In a nearby bog (Penido Vello, located within 5 km from PDC), a proxy record of climate change (temperature and humidity) for the last 5000 years, has been reconstructed by using the deposited atmospheric mercury [99]. The temperature index identified two major cooling phases (the Neoglacial period c. 5000 to c. 3000 cal. BP and the Little Ice Age) and two major warm periods (the Roman Warm Period [RWP] and Medieval Climatic Anomaly [MCA]). The humidity index suggests four major dry shifts occurred during the Metal Ages: at c. 5220–4390, 3610–3240, 2720–2460, 2150–1900 cal. BP (Figure 9). In contrast, wet periods were only detected in the PVO peat sections older than c. 3000 BP [99], suggesting that the humidity index based on Hg thermal lability may not be sensitive to wetness variations in cold climates, since this phase coincides with the Neoglaciation period and the index also shows low values during the LIA; but it also may be influenced by the fact that this section of the PVO core is at a lower resolution—every 5 cm—and some wet events may have been averaged out. However, the importance of humidity rather than temperature as a climatic parameter reflects the strong oceanic nature of the sub-coastal mountains, which are not only close to the sea but also subject to a continuous advance of cyclonic fronts [23,82,100,101,102].



The CPs at c. 4390 and c. 4140 cal. BP envelopes the ‘4.2 Ka event’ which is an abrupt change in which climate became colder and drier and acts as a marker from the warmer middle Holocene to the cooler late Holocene [103]. At PDC2 peat humification (dPH) is still relatively high implying drier conditions (Figure 9). However, the trend is one that is becoming wetter (a sharp decline in the sum of Ericaceous dwarf shrubs and HdV10; Cyperaceae and subsequently, HdV18, increase in value) between c. 4400 and c. 4000 cal. BP (Figure 8). Wet shifts are also recorded during this time in other bogs in Galicia [23,104,105,106]. The likely cause of this abrupt cold event (Bond event 3) is a response to decreased solar activity [107]. Stefanini et al. (2019) suggest that a period of cold conditions occurred before becoming drier between c. 4000 and c. 3350 cal. BP [23]. A dry phase occurs between c. 3610 and c. 3240 cal. BP. This climatic transition is coincident with a phase of local burning from c. 4400 cal. BP thought to be the result of human-induced fires coinciding with increased settlement activity at higher elevations during the third millennium BC23. Microscopic charcoal values also increase slightly at PDC2 towards the top of PDC2di, but NAP taxa associated with human activity are sparse suggesting that humans had minimal impact on vegetation (Figure 3).



Forest expansion at PDC2 starts slightly before the ‘4.2 ka, Bond 3 event’. From c. 4440 to c. 3135 cal. BP, tree cover gradually expands and the timing of this episode of forest expansion coincides with the second tree maximum (between 4500 and 2500 cal. BP) in the Western and Eastern Cantabrian Mountains [79]. At PDC2, deciduous Quercus, Betula and Alnus all increase during PDC2dii, marked a combined changepoint at c. 4330 cal. BP (Figure 6). In contrast, Corylus avellana-type peaks on the sub-zone boundary (di/dii) then declines (PDC2dii), before increasing as deciduous Quercus declines (first part of PDC2diii) (Figure 3). Cereal-type pollen is recorded with trace amounts of some coprophilous fungi, but other NAP taxa indicative of human activity are scarce as total tree percentages increase implying a lack of human activity close to PDC mire. A sudden increase in the lithogenic elements at c. 4000 cal. BP at PDC2 is recorded (Figure 8) and this could reflect more regional-scale soil erosion [8]. These changes correspond with a period of less intense human activity during the Copper Age-Early Bronze Age and are not always marked by significant changepoints.



Regionally, the Bronze Age was a time of increasing human pressure to the environment in NW Iberia [108]. However, based on the PDC2 arboreal pollen data, forests remain the dominant land cover with only minor changes in composition and expand up to c. 2750 cal. BP (beginning of Iron Age) which may in part have been facilitated by a dry phase as recorded in the CP analysis between c. 3610 and c.3240 cal. BP (the Middle Bronze Age). Betula pollen declines at c. 3570 cal. BP, deciduous Quercus sharply increases at c. 3500 cal. BP as Corylus avellana-type decreases: composition changes identified by a combined changepoint at c. 3570–3470 cal. BP and individual ones for the tree taxa (deciduous Quercus, Alnus and Betula) between c. 3600 and c. 3500 cal. BP (Figure 5 and Figure 6). Communities are thought to have preferred deciduous Quercus wood, combined with shrubby species of the Fabaceae (Leguminosae) family, while other species such as Corylus avellana flourished in the open landscape after deforestation [109]. Acorns (deciduous Quercus) have been reported as the only wild fruits consistently present in the archaeological sites [108]. Deciduous Quercus appears to be prominent as pollen percentages occur to Holocene climatic optimum levels until c. 1900 cal. BP. From c. 3500 cal. BP, NAP taxa associated with human activity are consistently present at PDC2 (Figure 3b) indicating that land was probably being cultivated and used for pasture, and the first significant CP for Plantago lanceolata occurs between c. 3400–3240 cal. BP (Figure 7). This activity was probably of low intensity during the Early Bronze Age and increased during Mid Bronze Age. Soil erosion continued as Ti and Zr values suddenly increased and Glomus cf. fasciculatum chlamydospores are recorded [50]. Calluna percentages also increased, noticeably after c. 4000 and c. 3000 cal. BP, suggesting that heath/peatlands expanded in areas cleared of forest.



Archaeological evidence strongly suggests that people were present in the Xistral Mountains and more widely during Bronze Age [64], as evidenced by ceramics, lithics, the reuse of megalithic burials (tumuli and dolmens) [110] (Figure 10), rock art from the late third and second millennium BC [111] and numerous artefacts [112]. More productivity and the number of settlements in Mid and Late Bronze Age have been the main drivers of increased soil erosion and the creation of new colluvio-alluvial soils in the valleys 81,108. Settlement diversification in NW Spain includes the progressive occupation of mid/high altitudes, which became the norm later in the Iron Age [110]. The observed differences in settlement pattern between lowlands and highlands, with exploitation in the coastal areas and valleys from Early/Middle Bronze Age, and the increase of pressure on mountain areas at the end of Bronze Age, may explain the pattern recorded at PDC2 in terms of land use and erosion [113].



Late Bronze Age communities were active in Galicia [112]. Forest cover first began to decline very gradually and then permanently from c. 3135 cal BP marking a critical 3000 BP (1000 cal. BC) threshold. Data from various proxies are indicative of an acceleration of environmental degradation in NW Iberia [50,81]. Significant CPs in the composition of vegetation coincide with this event, dated to c. 3040 and c. 2940 cal. BP (Figure 5) as climate becomes wetter with a significant changepoint at c. 3240 cal. BP (Figure 9). Major changes in agricultural practices and landscape transformation have been identified in the archaeological record, such as the arrival of millets, that possibly became staple from Late Bronze Age onwards and marked the difference with the previous Chalcolithic period [108]. Human activity is persuasive at PDC2, oak woodland continued to be cleared. Deciduous Quercus percentages fall (marked by changepoints at c. 3140 and c. 3000) coincident with an initial increase in Betula, Alnus and Corylus avellana-type, possibly taking advantage of some newly cleared ground (PDC2diii). Similar declines in forest cover have been found around archaeological sites from Northern Portugal [110], with the use of acorn as part of human diet [108,114]. Forest clearance around c. 3000 BP also coincides with a period of metal transformation and trade in NW Iberia based upon numerous metal objects [110] but of insufficient intensity to show in the Pb profile from PDC2 (Figure 8). Near continuous records of anthropogenic indicators occur and Poaceae is well represented (Figure 3b). Pasture is also indicated by the presence of a suite of coprophilous fungi (Figure 4) albeit in low values and sporadically. Cereal-type pollen is not recorded at PDC2 for some considerable time (the end of PDC2dii and the lower half of PDC2diii and possibly due in part to poor dispersal of cereal pollen) beforehand and only recommenced after the event. This suggests that the dominant land use was pasture during the Late Bronze Age in the local area, but it ceased to be practiced, albeit briefly, across the transition to the Iron Age and an emerging hillfort culture [115]. Forest clearances, an expansion in agriculture and livestock grazing, and metallurgical activity, occur both in the uplands and at lower altitudes across the Cantabrian Mountain range and more widely in NW Iberia from the Bronze Age to the Roman period [29,79,81,89,90,116]. The role of climate influencing the changes in vegetation is difficult to ascertain. Some CPs overlap and it is possible that there could be a time-lag effect in the response of vegetation. These can exhibit some variability due to vegetation and climate characteristics [117].



Changing land use patterns have been suggested elsewhere due to climate change during the LBA [118,119,120] and a similar situation could apply here although human activity appears to be the main driving force in altering vegetation. This is supported by a change in the archaeological record. Funerary monuments in the region turned to a more discrete materiality, caves and cists [96,121,122]. Despite not being close (>100 km), the two studied caves with human remains reflect a complex lifestyle in the Mid Bronze Age with a homogeneity in diet that contrasts with the increase in territoriality during the period. Limited consumption of animal protein points to lower livestock activity [122]. The practice of cremation during the whole of the Bronze Age, apparently coexisting with inhumations [96,121], could have had an impact on local forest coverage for the wood fuel demand.




4.4. Iron Age


The Iron Age (2750–2000 cal. BP), typified by the construction of hillforts (castros) across the region, which are believed to have resulted in full sedentarisation of the mountainous areas of NW Iberia (Farci et al., 2017). The LBA/Iron Age transition at PDC2 is characterised by minor changes in vegetation coincident with the 2.8 ka (c. 850 cal. BC) ‘climatic event’ when there was an abrupt change from a continental to oceanic climate [123,124] between c. 2750–2450 cal. BP [125]. This is characterised by shifts between wet and dry conditions from c. 3240 to c. 2460 cal. BP at PDC2. A major shift in climate (humidity) was also identified at c. 2850 cal. BP [99]. As the 2.8 ka cal. BP event was ending, c. 2460 cal. BP, climate became wetter based on humification data (Figure 9) at PDC2 which is also hinted at (notwithstanding spatial variations of wetness on the bog surface) with NPPs associated with drier conditions more noticeable at the start of PDC2diii such as HdV59, 306, 733 declining and those linked to wetter conditions (HdV28) more prominent (Figure 4).



The vegetation changes at PDC2 are not considered significant by the CP analysis and these activities were possibly affected by socio-political devolution in the region as Atlantic trade was dislocated [112] and might explain the lack of changes in the PDC2 records. Despite this, there is evidence of human activity associated with changes in the pollen record described following the events described above between c. 3040 to c. 2940 cal. BP. These might be associated with the 2.8 ka cal. BP event. Following those changes, characterised by a decrease in Deciduous Quercus, forest abundance recovers. The pattern is then one of gradual forest decline with Corylus avellana-type, Betula (2770 cal. BP) and Alnus (2510 cal. BP) most affected at PDC2 (Figure 8) recognised by some significant changepoints (noted in brackets). Other changes include an increase in Ulmus and the more regular presence of Fagus. Cereal-type pollen provides evidence of cultivation by c. 2500 cal. BP and pasture and disturbance indicators are frequently recorded (Figure 3b), including a suite of coprophilous fungi. Similar patterns of forest clearance for agricultural purposes [82] are recorded elsewhere in Galicia [126,127] and as recorded in the Cruz do Bocelo mire [22]. Microscopic charcoal values peak at the start of PDC2diii then gradually decline thereafter suggesting fire was not extensively used to clear forests in the vicinity of PDC. Titanium and Zr values dip suggestive of lower dust deposition and lower rates of soil erosion c. 2800 cal. BP, also recorded nearby at Tremoal do Pedrido [71] reflecting a reduction in agriculture, before increasing to reach their highest level since c. 5900 cal. BP (Figure 8).




4.5. Roman Period (c. 2000–1500 cal. BP)


The start of the Roman period is marked by a shift from wet to drier conditions which persist until the transition to the Medieval period, during the Roman Warm Period [107]. The impact of Roman culture on the land cover was very severe, with a rapid phase of deforestation, c. 1950 cal BP (start of PDC2e, Figure 5). Significant CPs are recorded during this time for individual trees and the combined analysis (Figure 6 and Figure 7). Titanium and Zr peak (Figure 8) and simultaneous higher percentages of Poaceae and trace amounts of cereal-type, Plantago lanceolata, Amaranthaceae, Apiaceae and Pteridium (Figure 3b) suggesting widespread forest clearance and an intense period of soil erosion and human activity that lasted until 1790 cal. BP. Similar but less pronounced short-lived changes have been identified elsewhere around this time [22]. Whilst there is clearly evidence of agricultural activities, including cultivated trees (e.g., Oleaceae), very few coprophilous fungi are recorded suggesting that there was not an intensification of upland grazing. A stronger response is registered in taxa associated with heath and peatlands. A more significant demand for wood was probably created by the mining and metallurgical activities and these activities led to the further demise of the region’s forests rather than agricultural expansion in the uplands [128,129,130,131,132,133]. Figure 8 shows that Pb concentrations are elevated from the Late Iron Age to the Roman period, the pattern of which is replicated by the Pb/Ti ratio (Supplementary Material Figure S3) which is typical in records from this region [74,75,129,130,131,132,133] and across Iberia and Europe [55,134]. The increase of wood-demand by specific activities, such as mining and metallurgy, is enhanced in Roman times by quotidian ones such as the cremation of corpses as funerary ritual. To burn a body, a sizeable quantity of wood is required. There is no specific data about the species used, but deciduous Quercus sp. (deciduous), Fraxinus sp. and Pinus sp. have been found in primary pyres from this period [135]. There are no typical Roman constructions and settlements in the area; however, most hillforts were occupied at least until the 2nd century AD. Inland locations may have been in use until post-Roman times, revealing a panorama of intense occupation in the valleys west of the PDC mire [136].



A short-lived phase of forest regeneration occurs by c. 1790 cal. BP. Evidence for both arable and pastoral agriculture are less definable in the pollen and NPP records (latter half of zone PDC2e). This could be linked to the crisis of the third century during the Roman Empire. The recovery of forest cover is short-lived and by c. 1690 cal. BP, towards the end of the Roman period, there is a second episode of rapid deforestation (Figure 8). This marks a significant change as forest is converted to grassland permanently. Fire was possibly used to aid this process as peaks in microscopic charcoal occur at the start and end of the zone. This irreversible decline in forest cover affected large parts of the region as recorded in soil profiles and peat archives between c. 1500 and c. 1200 cal. BP ([22,24] and references therein). Both the recovery and permanent decline in oak-hazel forest is marked by a series of CPs (Figure 5 and Figure 6). These changes partly coincide with a drier phase between c. 1600 and c. 1480 cal. BP. A climatic shift occurred at 1400 cal. BP possibly related to changes in the North Atlantic thermohaline circulation [137].




4.6. Late Antiquity, Middle Ages and Post-Medieval Times (1500 cal. BP-Present)


The gradual decrease in Ti and Zr values occurs from c. 1690 to reach minimum values c. 745 cal. BP (Figure 8). Thereafter they increase rapidly before deposition rates slow down c. 430 cal. BP and finally peak 200 years ago: this increase is coincident with the Little Ice Age (LIA; Mann, 2002; Oliva et al., 2018). The onset of the LIA is marked by a short-lived recovery in forest cover (Figure 8). It has been suggested that temperatures rose in the early to mid-AD 1500s (c. 400 cal. BP) [79] which might explain the increase in forest cover at PDC2 (top of PDC2f) with climate being most severe in the late 16th and 17th centuries. A reduction in grazing intensity (as only Podospora-type is recorded) would also have facilitated renewed forest expansion. Whether these events are linked to the onset of the LIA is yet to be established. Increased dust deposition during the LIA has also been found in ombrotrophic peatlands across Europe [55,138,139] and Greenland [53,140] suggest increase in soil erosion processes linked to the Maunder minimum in solar activity were detected in a Mediterranean minerotrophic peatland [141]. To solely attribute the increase in soil erosion to climate change is problematic as other studies interpret increased dust as human induced soil erosion to create pasture and cropland [22,50,141,142]. Evidence for the removal of forest, cultivation and pasture as well as the expansion of heath and/or peatlands (Figure 8) occurs in the PDC2 pollen record during the LIA onwards, indicated by significant CPs for Calluna, Poaceae and Plantago lanceolata in the last 750 years (Figure 7). The number of short-lived shifts from 650 cal. BP (Figure 9) from wetter to drier phases and vice versa also possibly reflect changes in temperature described throughout the Little Ice Age commencing with a colder phase between 1300 and 1480 cal. AD (750–570 cal. BP) and culminating in the increased temperatures post 1850 cal. AD (200 cal. BP) [143].



Climate change, deforestation and soil erosion have also been linked to changes in diet and way of living in the NW Iberia through the analyses of human remains. Strong modifications in diet and use of C4 plants in NW Spain were related to socioeconomic decline but also to regional climate deterioration [144]. Deforestation and increased soil erosion seem to have been also the main causes for some port collapses during LIA in the region, resulting in changes in lifestyle in the Medieval coastal village of Pontevedra [144]. However, there is still a need for a wider discussion on the link between vegetation and climate proxies and the everyday life of people.



Notwithstanding an occasional reversal (e.g., at c. 1250–1130 and c. 650 cal. BP), forest cover continues to decline throughout the Middle Ages into the historical period (PDC2f). The increase in microscopic charcoal in PDC2f suggests fire was used to suppress forest cover. Demand for wood increased for use in construction, ship building and iron foundries [79,89]. The landscape surrounding PDC2 is dominated by grassland and heath/peatland. Agricultural land use and disturbance intensifies with more regular and higher amounts (especially in PDC2g; Figure 5) of cereal-type and pasture/disturbance indicators which reflects a land economy based upon sheep/goat production from the Middle Ages to the late 16th century [79]. Cultivated trees also feature regularly throughout PDC2f and g. Microscopic charcoal values are at their highest level since the early mid Holocene. Fire clearly played a role in forest clearance and occurred on drier parts of the heath and/or peatlands. NPPs affiliated to drier conditions are prevalent, with Gelasinospora (HdV1/2), HdVs 6, 10, 14 and 52 often recorded (Figure 4). Pinus increases in the last zone because of recent afforestation during the past two centuries (Figure 3 and Figure 7: CPs at c.180 and c.50 years ago) but commences c. 500 years ago as Ti and Zr rise to a Holocene maximum, supporting the idea that pine plantations do not prevent soil erosion as effectively as mesophilous forest [22].



From Roman times onwards, oat and small quantities of wheat have been grown in the Xistral Mountains. The quartzite that dominates the Xistral makes for poor soils unsuitable for agriculture. Millet, popular since the Iron Age, is a good option to obtain cereals in the summer season. Wheat, barley, oats, and millet were the most used cereals; while rye farming did not become important until the Middle Ages [145,146]. Traditional agriculture was based on three staples: leguminous plants (beans and peas), different kinds of cabbage, and cereals [146]. In mountainous inland areas of this region, chestnut, livestock and cereals were possibly the base of the economy, while wine was limited to valleys and decreased in importance after the 16th century [147,148]. Contrary to what happened in other areas of NW Spain, where Castanea increases from Roman times, the exploitation of sweet chestnut started here in Late Antiquity (c. 1500 cal. BP) and is possibly related to the establishment of new management policies (Ecclesiastical and nobility management of mountain areas). To our knowledge, no mention of olive trees has been found in historical texts and carpological analyses in the study area [145]. Regarding livestock in the Xistral Mountains, Medieval and post-Medieval times were dominated by caprine (sheep and goats), followed by bovine and pigs [147].



The sampling site is embedded into Mondoñedo province that contains one of the most important dioceses in NW Spain, and key to understanding the evolution of the local-regional landscape in the historical period. The results presented here for post-Roman times and onwards have a clear link with historical evolution of this diocese. It is believed that the Christian dominance in the area dates to the 2nd century AD, although there is not a clear mention to the Britoniam diocese until the Lugo Concilium in AD 569/1381 cal. BP (preceding the Mondoñedo one) [149]. The area was conquered by Abd-el Aziz in AD 716, who made it “uninhabitable” according to the historical texts [149] and coincides with a short recovery in the AP percentages (c. 1254 cal. BP). After this crisis, the diocese was placed on the coast, at the current village of Foz. The Mondoñedo bishops ruled after AD 864 just when arboreal pollen started to decline again, dominating a vast area that comprises a series of churches (e.g., the close Cadramón church) surrounding the Xistral Mountains. The population, mainly located at the coast, was slowly moved inland due to the instability of the seaside villages created by the Norsemen, Vandals and Islamic groups invasions [149]. This led to a constant increase in agriculture in valleys. Small crises lasted until the 12th century AD when the diocese moved to its current location inland (~20 km from PDC). The 12th and 13th centuries are characterized by a large intensification of agriculture with the expansion to new lands and the consequent increase on demography (Saavedra 1985). The fact that these advances are mainly restricted to lowlands can explain why there is not a clear connection to arboreal percentages at PDC2. Major socioeconomic changes are documented during the 14th and 15th centuries with depopulation, famine episodes and the arrival of the plague to inland NW Spain [148,150]. It has been determined that these crises lasted longer here than in other Spanish regions [147]. From AD 1500 onwards (450 cal. BP), there is a slow recovery of the agriculture and demography; however, population density in the mountainous area of the Xistral never exceed 15–18 inhabitants/km2 (values for the 16–18th century, with lower economy than that observed for other Galician mountains [147]). Variations in agrarian use and demography seem to have affected the surrounding valleys, while mountains were not so much exploited. However, there is a change in management during the 16th and 17th centuries when permissions to deforest are given and the council recommended occupation of the highlands. In consequence, forests were cleared for agriculture and livestock activities [147]. Again, during these centuries, wood was traded with Lisbon and Seville ports. Historical texts indicate that the poorest neighbourhoods cleared the forest for their livelihood, cutting Deciduous Quercus and Castanea, but also Fraxinus and Populus nigra; these were sent abroad to, but not only, manufacture armaments and ships [147]. The pollen record reflects this sizeable clearance of woodland with a tree pollen minimum at c. 265 cal. BP (Figure 8). At that point, the mountain area had increased its capacity to support farming activities, enhanced with the arrival of new products such as potatoes. Woodland here only recovered with the pine plantations and people migrating to urban areas during the last two hundred years (Figure 8).





5. Conclusions


To disentangle definitively the respective roles of climate change, human activity and other factors that have influenced the development of vegetation during the Holocene is problematic. To address this challenge requires well-dated, high-resolution, multi-proxy datasets. We have presented a fine resolution, multi-proxy dataset that provides additional insights into drivers of vegetation change and the response to those impacts on vegetation composition and, to a limited extent, cover. Furthermore, the use of changepoint analysis, alongside other numerical analyses, proved useful to determine significant changes in both the pollen records and the humification data. This allowed us to examine a combined response to vegetation changes using the main pollen taxa but also to identify individual behaviour. Thus, we conclude that vegetation changes in the Xistral Mountains of NW Spain seem to have been driven by climate, fires and human activity over the last 8500 years. Evidence for the effects of climate change is more prominent in the early Holocene when human impacts are minimal. The most conspicuous feature of the early Holocene is a marked, albeit short-lived, period of vegetation change coinciding with the 8.2 ka event, characterised by a decrease in mesophilous forests and increase in Betula (and Pinus to a lesser extent), coeval with increased dust deposition, which framed the 8.2 ka event.



Climate and fire interactions appear to be an important influence shaping the types of land use cover during the early Holocene. A shift towards drier conditions may have induced more frequent fires, characterised by large peaks in microscopic charcoal, point towards fire and climate, as the most likely drivers of vegetation between c. 7500 and c. 6500 years cal. BP. Vegetation changes do not appear to have been driven by human activity using fire as a land management strategy as it was of small scale and of low intensity despite changes in forest cover occurring through both expansions to reach a Holocene maximum and regression between c.7575 and 6165 cal. BP. The exception is a possible human interference by c. 6025–5900 cal. BP-coinciding with Megalithic culture-attested by the decline in deciduous Quercus and Corylus, and the increase in Alnus and Betula, NPP indicators of grazing, microscopic charcoal and proxies of soil erosion.



More abrupt climate changes such as the 4.2 and 2.8 ka events appear to have had less significant impact on vegetation compared to the 8.2 ka event in terms of forest composition and the expansion and/or contraction of different land uses, but the dating resolution in this study needs further improvement before we can definitively dismiss its influence. The beginning of the Late Holocene is marked by the expansion of the forests (from c. 4440 to c. 3135 cal. BP) leading to a second Holocene maximum in forest cover. This appears to have commenced before 4200 cal. BP. Changepoint points occur just prior to this date for the collective analysis of the min pollen taxa and there is no consistent pattern evident for the individual records. A downturn in microscopic charcoal suggests fire was not a major factor.



Human activity plays a more influential role in vegetation change from c. 3500 cal. BP (Middle Bronze Age) which culminates in the permanent loss of forest c. 1500 cal. BP (Late Antiquity) to create arable land and pasture (albeit of low intensity) during the Early Bronze Age but increasing during the Mid Bronze Age. A sudden raise in soil dust deposition provides evidence of intensified soil erosion and colonization of the areas of cleared forest. Forests started to decline gradually since c. 3135 cal. BP, with many proxies indicating acceleration of environmental degradation in NW Iberia. There is indication of expansion of pasture during the Late Bronze Age, but it ceased to be practiced briefly across the transition to the Iron Age. The additional increase in the intensity of human activity makes it more difficult to discern any climate-related influences. It is noteworthy a sequence of humification shifts is revealed in the changepoint data: dry shift occurs at c. 3610 until 3240 cal. BP before becoming wetter at 3240 until 2720 cal. BP when it shifts towards drier conditions. These shifts envelope two changepoints at c. 3570 and 2940 cal. BP in the main pollen taxa. Establishing a direct cause and effect relationship is not possible but this does suggest a possible climatic influence on vegetation even though there are no major changes evident in the pollen diagram except for a rise in Calluna pollen suggesting an expansion of heathlands and/or peatlands.



A similar conclusion can be forwarded for the 2.8 ka cal. BP event which seems to occur over a shift from wet to dry conditions and following the uppermost changepoint described above. Human activity was probably, for the first time, the main driving force in altering vegetation during the Iron Age, with cereal pollen providing evidence of cultivation by c. 2500 cal. BP, coincident with indicators of pasture and disturbance. Climatically, the phase contains the 2.8 ka event, during which minor changes in vegetation were noted but a clear intensification in soil erosion towards the drier phases. Human activity remained persuasive during the Roman period (c.2000–1500 cal. BP), with a suite of intense changes: rapid deforestation, enhanced soil erosion, expansion of Poaceae, forest clearance, increased metal (Pb) pollution and agricultural activities. Despite this, no intensification of grazing in the uplands seems to have occurred. A short-lived forest regeneration occurred by c. 1790 cal. BP, but by c. 1690 cal. BP a second episode of rapid deforestation was detected, together with evidence of arable and pastoral agriculture, cultivated trees, and high rates of soil erosion. The weight of evidence across the various proxies points firmly towards human activity but these changes do occur against a series of climatic wet/dry shifts. A comparison of the main changepoints suggests that the humification record does not match the major changes in the pollen record favouring human activity driving vegetation change.



Since Late Antiquity (<c. 1500 cal. BP) environmental evolution is complex, with significant climate changes (e.g., Medieval Warm Period—Little Ice Age climate anomaly), intensification of fires and increased human pressure. Forests were at their minimum cover except for short-lived recoveries (as during the LIA) and the recent afforestation with Pinus and Eucalyptus plantations. As human activity intensified, especially in the Late Holocene, it is difficult to disentangle the respective roles (climate, fire, humans, competition) in causing vegetation change, complicated by the possibility of time-lag effects but human activity seems to be the dominant driver. However, shifts in the humification record correlate with the start of each cultural period. The significance of this pattern from Late Antiquity has yet to be fully established but the main changepoints from the humification and pollen records do not show a strong degree of synchroneity.
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Figure 1. Location of study site (PDC2) within NW Iberia and the Galician-Asturian mountains. 
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Figure 2. Age-depth model for PDC2 peat core using CLAM software [38]. 
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Figure 3. (a): Percentage pollen diagram for selected trees (dark green), shrubs (olive green), dwarf shrubs (blue), spores (light blue) and microscopic charcoal from the PDC2 peat core. (b): Percentage pollen diagram for selected herbs from the PDC2 peat core. 
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Figure 4. Percentage diagram for selected non-pollen palynomorphs from the PDC2 peat core. 
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Figure 5. Chronology of the weights (i.e., partial communalities) of the principal components extracted from the terrestrial pollen dataset of the PDC2 peat core. Scores of the taxa included in the analysis are in Supplementary Material Table S2. 
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Figure 6. Changepoints for the selected pollen taxa combined (deciduous Quercus, Corylus avellana-type, Alnus, Betula, Calluna, Poaceae and Plantago lanceolata) for PDC2 peat core. Cultural periods are included in the left-hand column, while key climatic ‘events’ are listed in the right-hand column. Numbers within the figure are in ka cal. BP. 
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Figure 7. Changepoints for the individual selected pollen taxa (deciduous Quercus [top left], Corylus avellana-type, Alnus, Betula, Calluna, Poaceae and Plantago lanceolata [bottom right]) for the PDC2 core. Green dots (actual data), grey bars (estimated errors), blue lines (represent the expected data distribution calculated by the changepoint routine) X-axes are in years ka cal. BP. 
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Figure 8. Tree-shrub-herb ratio and cereal-type (top); Microscopic charcoal; Indicators of dust deposition (Ti and Zr), Atmospheric metal pollution (Pb), Wet and dry phases (detrended peat humification values, dDPH), and selected palynomorphs (sum of Ericaceae, Erica-type and Calluna percentages; Cyperaceae percentages; HdV-18, HdV10 and HdV306) for PDC2. 
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Figure 9. Changepoints for the humification data for PDC2. Numbers within the figure are in ka cal BP. Green dots are the actual data, grey bars on the dots are the estimated errors, the blue lines represent the expected data distribution calculated by the changepoint routine. 
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Figure 10. Documented Neolithic-Bronze Age archaeological sites (white) and Iron/Roman Age Hillforts (pink) surrounding PDC mire (green). Colour areas were used when sites occupy a large area (position obtained from Información Xeográfica de Galicia, Xunta de Galicia www.xunta.gal, accessed on 25 October 2022). 
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Table 1. Bulk Radiocarbon and calibrated ages for the PDC2 peat core. Calibrated ages taken from the IntCal20 Northern Hemisphere radiocarbon age calibration curve [37].
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	Depth (cm)
	Radiocarbon Age (14C Year BP)
	Laboratory Code
	2 Sigma cal. BP





	14–15
	50 ± 30
	B-307603
	recent



	28–29
	440 ± 30
	B-307604
	455–530



	58–59
	1210 ± 30
	B-307605
	1060–1180



	90–91
	1720 ± 30
	B-307606
	1540–1700



	126–128
	2080 ± 30
	B-307607
	1980–2125



	158–160
	2890 ± 30
	B-307608
	2930–3080



	186–188
	3470 ± 30
	B-307609
	3685–3835



	220–222
	4320 ± 40
	B-307610
	4830–4975



	266–268
	5120 ± 40
	B-307611
	5750–5940



	308–310
	5880 ± 50
	B-307612
	6620–6795



	336–338
	6090 ± 40
	B-307613
	6845–7030



	358–360
	6640 ± 40
	B-307614
	7460–7575



	380–382
	6890 ± 40
	B-307615
	7660–7800



	402–404
	7180 ± 40
	B-307616
	8930–8040
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