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Abstract

Understanding the extent to which anthropogenic activity shapes vegetation dynamics is a central
challenge in palaeoecology. In the Eastern Mediterranean, pollen-based studies have traditionally
identified human impact through qualitative interpretations of anthropogenic indicators, particularly
within the framework of the Beysehir Occupation Phase (BOP) . However, quantitative comparison of
anthropogenic signals across multiple sites remains limited. This study compiles pollen datasets from
multiple lacustrine records across Anatolia (Tiirkiye) to construct a regional multi-site dataset and
evaluates anthropogenic influence using a quantitative BOP period anthropogenic taxa integrated with
Principal Component Analysis (PCA). Anthropogenic impact was quantified using a composite pollen
index based on Olea, Juglans, Plantago lanceolata-type, Cerealia and Rumex acetosa-type taxa. The results
reveal substantial spatial variability in anthropogenic signals, with combined pollen percentages ranging
from less than 1% to 16% among lakes. PCA results show clear inter-site differentiation, with the first two
components explaining 42.94% and 21.95% of the total variance, respectively. In particular Olea emerges
as the most influential indicator, strongly contributing to the primary ecological gradient. These findings
provide a quantitative extension of the traditionally qualitative BOP concept and demonstrate that
anthropogenic influence is a fundamental and spatially heterogeneous component of vegetation
dynamics across Anatolia. By integrating a composite anthropogenic index with multivariate analysis,
this study offers a robust and transferable framework for comparing human—environment interactions
across different regions and ecological settings.

Keywords: pollen data; anthropogenic indicators; multivariate analysis; PCA; Anatolia; Late
Holocene

1. Introduction

Understanding the timing, intensity, and spatial variability of anthropogenic impacts on
vegetation is a central objective in palaeoecology and environmental archaeology. Pollen based
reconstructions provide one of the most robust tools for tracing past human environment
interactions, as they directly record vegetation responses to both climatic and anthropogenic drivers
[1-3]. In the Mediterranean and Near Eastern regions, particular attention has been given to
anthropogenic pollen indicators, including cultivated taxa and disturbance related species, which
reflect agricultural expansion, arboriculture, and land-use intensification.

Within this framework, the BOP has emerged as a key concept for identifying periods of
intensified human activity in Anatolia. First recognized in lacustrine pollen records from
southwestern Tiirkiye [4,5], and further developed through integrated palaeoecological and
archaeological studies [6-8], the BOP is characterized by increases in cultivated taxa such as Cerealia-
type, Olea and Juglans, together with disturbance indicators including Plantago lanceolata-type and
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Rumex acetosa-type. These pollen assemblages are widely interpreted as reflecting agricultural
intensification, arboriculture, and broader socio-economic transformations during the Late Holocene.

Regional studies from Tiirkiye further highlight the importance of local environmental and cultural
contexts in modulating anthropogenic signals. Palynological investigations from central and western
Anatolia have demonstrated significant variability in vegetation response to human activity during the
Late Holocene [9-12]. These studies emphasize that anthropogenic indicators are strongly influenced by
regional ecological settings and cannot be interpreted uniformly across different landscapes.

Comparable anthropogenic signals have also been documented across Europe, particularly in
Mediterranean and temperate regions [2,13,14]. These records often show synchronous increases in
cultivated taxa and secondary anthropogenic indicators during key historical periods such as the
Roman era, the Medieval Climate Anomaly, and later phases of intensified land use. However, the
expression of these signals varies across regions due to differences in ecological settings, land-use
strategies, and cultural trajectories.

Despite these advances, direct comparison of anthropogenic signals across regions remains
challenging. Pollen records are inherently influenced by local environmental conditions, including
basin characteristics, sedimentation processes, and vegetation composition, which may obscure
regional-scale patterns. Furthermore, the BOP concept has traditionally been applied qualitatively,
based on visual interpretation of pollen diagrams, limiting its comparability across multiple datasets.

To overcome these limitations, recent studies have increasingly adopted multivariate statistical
approaches, particularly PCA, to identify dominant gradients in pollen datasets and to disentangle
anthropogenic signals from natural variability [15]. However, few studies have explicitly tested
whether BOP type signals are embedded within the dominant structure of multivariate variability or
whether they remain dependent on site specific interpretations.

This study evaluates the anthropogenic impact signal across several lake records in Anatolia by
defining a combined quantitative measure based on anthropogenic pollen indicators. Through
standardization of pollen variables from selected taxa, both the relative level and compositional
pattern of anthropogenic impact across lake systems are examined comparatively. In this context, the
study offers a quantitative extension of the anthropogenic pollen signal, traditionally largely reliant
on qualitative interpretations, and provides a robust analytical framework for comparing human-
environment interactions in different ecological and geographical contexts.

2. Materials and Methods

Pollen datasets from iznik, Abant, Sapanca, Beysehir, Hoyran, Golhisar, Koycegiz, Sogiit, Ova,
and Van (VAN1 and VAN2) lakes across Anatolia were compiled from the Neotoma Paleoecology
Database to create a regional multi-site dataset; site locations are shown in Figure 1. Such synthesis
approaches are increasingly used to investigate large scale vegetation dynamics and human
environment interactions. [14,16].
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Figure 1. Location of the studied lacustrine records across Anatolia (Tiirkiye), including Iznik, Abant, Sapanca,
Sogiit, Beysehir, Hoyran, Golhisar, Kéycegiz, Ova and Lake Van (VAN1 and VAN?2). The sites cover different
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climatic and ecological regions, providing a spatial framework for evaluating vegetation dynamics and

anthropogenic signals.

The analysis relied on five taxa that could directly and indirectly represent human impact: Olea,
Juglans, Plantago lanceolata-type, Cerealia and Rumex acetosa-type. These taxa were considered suitable
indicators for assessing traces of anthropogenic signals in pollen records, as they could be associated
with agricultural activity, cultivated trees, open field use, weed environments, and grazing pressure
[2,4,6,17]. Only directly related pollen names were considered in taxon matching; for Olea, broader
family-level records such as Oleaceae were not included in the analysis. Similarly, the Rumex variant
was limited to only Rumex acetosa and Rumex acetosa-type records, not to the general genus level. In
the first stage, rows corresponding to selected anthropogenic indicator taxa from 1300-3500 cal BP
were identified in each lake record, and pollen counts of these taxa were collected to calculate a
composite anthropogenic indicator value. This value was divided by the total pollen count during
the BOP period to obtain a composite anthropogenic pollen percentage representing the relative share
of the five selected taxa within the total pollen. Anthropogenic influence was quantified using a
combined anthropogenic pollen percentage derived from five selected indicator taxa. In this study,
Olea, Juglans, Plantago lanceolata-type, Cerealia and Rumex acetosa-type were aggregated and expressed
as a percentage of total pollen. These taxa represent agricultural activity, grazing pressure, and
arboriculture, and are widely used as indicators of human impact in Mediterranean pollen records
[17,18].

In the second stage, the minimum, maximum, arithmetic mean, and standard deviation of the
combined anthropogenic pollen percentage were calculated for each lake in the 1300-3500 cal BP
range. Thus, not only the overall lake-based representation of the five selected taxa but also the
variability they exhibited throughout the 1300-3500 cal BP period was evaluated.

The five selected anthropogenic indicator taxa were converted into percentage values for each
lake separately; thus, a lake and taxon ratio matrix was created where the percentages of the lakes
were in the rows, and the percentages of the taxa were in the columns. This matrix was used to
evaluate which taxon combinations originated from the combined anthropogenic pollen signal and
to provide the basic data structure for multivariate analyses such as heatmap and PCA. To reduce
the effects of differing variances among taxa and to standardize the dataset prior to multivariate
analysis, all variables were transformed using z-score normalization (z = (x - )/o), where x represents
the pollen percentage, 1 is the mean, and o is the standard deviation of each variable [19]. In the final
stage, PCA was applied to standardized taxon percentages. In the analysis, observations represent
the lakes, and variables represent the standardized percentages of five selected taxa. The aim of PCA
is to summarize the similarities and differences between the lakes using a smaller number of
components and to reveal the compositional patterns of anthropogenic indicators.

PCA was applied to the standardized dataset to identify the main gradients in pollen
assemblages and to explore relationships between vegetation dynamics and anthropogenic
indicators. PCA was performed on the covariance matrix of z-score standardized variables, including
all selected terrestrial pollen taxa. This method is widely used in palaeoecology to reduce
dimensionality and identify dominant ecological gradients [19,20]. The first two principal
components (PC1 and PC2), explaining the largest proportion of variance, were retained for
interpretation.

3. Results

When five anthropogenic indicator taxa selected in the 1300-3500 cal BP time interval were
evaluated together, significant differences were found between the lakes in terms of both total signal
level and taxonomic composition. The combined anthropogenic pollen percentage calculated on a
lake-by-lake basis reveals the share of these five taxa in the total pollen during the relevant time
interval and allows for a comparative evaluation between different records. In this respect, the
highest combined value was found in Iznik (16.72%), and the lowest value in Hoyran (0.94%). Iznik
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Lake is followed by Ova (7.93%), Van 2 (5.51%), Van 1 (4.47%), Sogiit (4.21%) and Golhisar (3.90%).
Beysehir (3.01%), Sapanca (1.34%), Abant (1.68%) and Koycegiz (1.29%) have lower combined
anthropogenic pollen percentages. This distribution clearly shows that the selected anthropogenic
indicators are not represented with the same intensity in all lakes, and therefore the reflection of
human influence in pollen records varies on a regional scale (Table 1).

Table 1. Lake-based summary statistics on the combined pollen percentage of selected anthropogenic indicator
taxa in the 1300-3500 cal BP range.

Lakes Min (%) Max (%) Mean (%) SD (%) Total (%)
Abant 0.21 8.13 2.04 2.76 1.68
Beysehir 0.18 6.95 2.78 2.19 3.01
Golhisar 0.00 8.62 3.61 2.36 3.90
Hoyran 0.31 2.53 0.87 0.65 0.94
Iznik 2.11 36.94 16.62 10.30 16.72
Koycegiz 0.24 2.86 1.22 0.74 1.29
Ova 0.00 25.42 4.65 7.54 7.93
Sapanca 0.00 4.82 1.49 1.27 1.34
Sogiit 0.68 13.86 4.17 3.31 421
Van 1 2.61 6.95 445 1.38 447
Van 2 2.52 8.95 5.66 1.62 5.51

The mean of the combined percentages throughout the BOP period also supports this pattern.
In terms of mean value, Iznik (16.62%) ranks first, followed by Van 2 (5.66%), Ova (4.65%), Van 1
(4.45%), Sogiit (4.17%), Golhisar (3.61%) and Beysehir (2.78%). Lakes with lower mean values are
Abant (2.04%), Sapanca (1.49%), Koycegiz (1.22%) and Hoyran (0.87%). These results show that the
lakes can be evaluated at three different intensity levels in general. iznik, Van 2, Ova, Van 1 and Soégiit
stand out as records with mean combined pollen percentages of approximately 4% and above, where
the selected indicators are more strongly represented. Abant, Sapanca, Kéycegiz and Hoyran, with
mean values below approximately 2%, emerged as lakes with weaker anthropogenic indicators.
Golhisar and Beysehir are in the middle group, between these two groups (Table 1).

Maximum values are important for understanding the extent to which the selected indicators
are concentrated. The fact that the maximum value in Iznik reaches 36.94% indicates the presence of
very strong anthropogenic signals in this record during the BOP period. The maximum value of
25.42% in Ova is similarly noteworthy. Maximum values are 13.86% in Sogiit, 8.95% in Van 2, 6.95%
in Van 1, 6.95% in Beysehir, 8.62% in Golhisar, 8.13% in Abant, 4.82% in Sapanca, 2,86% in Koycegiz,
and 2.53% in Hoyran (Table 1). The fact that Iznik and Ova stand out compared to other records in
terms of both total percentage and maximum value suggests that human influence produced a
stronger or more visible pollen signal in these lakes.

The temporal variability of total pollen percentage also differs among the lakes, and the standard
deviation calculated from the total percentage series reveals how much this signal fluctuates over
time. The standard deviation is 10.30 in iznik, 7.54 in Ova, 3.31 in Sogiit, 2.76 in Abant, 2.36 in
Golhisar, 1.62 in Van 2, 2.19 in Beysehir, 1.38 in Van 1, 1.27 in Sapanca, 0.74 in Koycegiz and 0.65 in
Hoyran (Table 1). This distribution shows that Iznik and Ova not only have high total percentages
but also exhibit highly variable records over time. In contrast, lakes such as Hoyran and Koycegiz
have both low overall anthropogenic pollen levels and exhibit more limited fluctuations over time. A
high standard deviation indicates that the selected indicators exhibit a more variable pattern,
strengthening and weakening over specific periods, while a low standard deviation suggests a
weaker but relatively stable human influence (Figure 2).
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Figure 2. Lake-based average values and standard deviations of combined pollen percentage for selected
anthropogenic indicator taxa in the 1300-3500 cal BP range. Lakes are ranked according to average combined

pollen percentage, and error bars indicate the standard deviation.

The heatmap showing the percentage distribution of selected anthropogenic indicator taxa at
the lake level reveals that the combined pollen signal differs not only quantitatively but also in terms
of taxonomic composition (Figure 3). Iznik stands out particularly with its high values for Olea and
Cerealia; Juglans and Plantago lanceolata-type also contribute secondarily to this lake. Olea is largely
dominant in the plain, while Cerealia and Juglans are less represented. In the Van 1 and Van 2 records,
the anthropogenic signal shows a more Cerealia dominant distribution. In S6giit, the closer values of
Plantago lanceolata-type, Cerealia, Olea and Juglans indicate a more balanced composition where
multiple indicators contribute together. In Golhisar, Olea and Cerealia are dominant. In contrast, the
Plantago lanceolata-type has become relatively more dominant in Beysehir, Abant and partly in
Sapanca, suggesting that the anthropogenic signal in these lakes may be more closely related to open
land use and ruderal environmental indicators. In Kéycegiz and Hoyran, both the total signal is low
and none of the selected taxa show significant dominance. Therefore, the heatmap clearly shows that
the differences between the lakes are due not only to the total intensity of the selected anthropogenic
indicators but also to which combinations of taxa generate this signal.
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Figure 3. Heatmap showing the percentage distribution of selected anthropogenic indicator taxa in lakes,
spanning the period 1300-3500 cal BP.

PCA, performed after z-score standardization, shows that the selected anthropogenic indicator
taxa differ between lakes not only in terms of total density but also in terms of pattern (Figure 4). The
first two components explain approximately 64.89% of the total variance; 42.94% is represented by
the first component and 21.95% by the second. The first component stands out as an axis particularly
associated with Olea, Juglans and to a lesser extent Cerealia, while the second component appears to
be more associated with Plantago lanceolata-type and Rumex acetosa-type. This suggests that PC1 more
strongly reflects the anthropogenic signal associated with cultivated trees and agricultural activity,
while PC2 more strongly reflects the impact associated with open field use, ruderal environments,
and potential grazing pressure. The PCA results show three distinct clusters among the lakes. First,
[znik stands apart from all other records, positioned alone on the positive side of PC1. This indicates
that the selected anthropogenic signal is particularly strong in the Olea and Juglans axis in Iznik,
suggesting that indicators related to cultivated trees and agricultural activities are more dominant in
this record. Second, Ova, Golhisar, Sapanca, Kdycegiz and Hoyran cluster more towards the negative
PC2 side; the structure of the selected taxa in these lakes deviates from the Plantago lanceolata-type
and Rumex acetosa-type dominant pattern on the upper axis. Third, Abant, Beysehir, So6giit, and Van
1 are more located towards the positive PC2 side, exhibiting a distribution closer to the Plantago
lanceolata-type and Rumex acetosa-type orientation. Van 2, however, presents a more variable
character due to its location near the intersection of the axes.

In conclusion, the selected anthropogenic indicators do not show a uniform effect in the lake
records of Anatolia. Accordingly, in some lakes, the anthropogenic effect is represented more by
indicators related to cultivated trees and grain production, while in others it is represented by
indicators related to open land use, ruderal environments, and grazing pressure (Figure 4).
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Figure 4. Lake based PCA results of selected anthropogenic indicator taxa.

4. Discussion

The results of this study demonstrate that anthropogenic signals are systematically embedded
within the dominant gradients of pollen variability across Anatolia. This finding aligns with a
growing body of evidence indicating that Late Holocene vegetation dynamics in the Eastern
Mediterranean cannot be explained by climatic forcing alone but are strongly shaped by human
activities [3,13,14] (Roberts et al., 2011; Woodbridge et al., 2019; Fyfe et al., 2015). Regional syntheses
have shown that agricultural expansion, the development of arboriculture, and increasing land-use
intensity produced persistent and spatially structured anthropogenic signals in pollen records. In
particular, the co-occurrence of tree-crop indicators (e.g., Olea, Juglans) with disturbance taxa is
widely regarded as a robust proxy for human induced landscape transformation [21].

The separation of lake records along the PCA axes reflects both regional environmental
differences and varying degrees of anthropogenic influence. The strong differentiation of Iznik along
PC1, coupled with its high and highly variable BOP period values, suggests that this record captures
pronounced and dynamic human environment interactions. In contrast, the low and stable BOP
period values observed in Hoyran indicate relatively weak or more stable anthropogenic influence.
This spatial heterogeneity highlights the importance of local ecological and socio-economic contexts
in modulating human impact. Similar patterns have been documented in Mediterranean and
European pollen records, where anthropogenic indicators show regionally variable expressions
depending on land-use intensity, settlement dynamics, and environmental constraints [13,14]. This
supports the interpretation that the distribution of Late Holocene vegetation in Anatolia was shaped
by a combination of climate and human-induced processes, and that human influence acted as a
strong and local variable controlling the environment.

The combined anthropogenic pollen index applied in this study represents a significant
methodological advancement over traditional qualitative approaches. By integrating multiple
indicators Olea, Juglans, Plantago lanceolata-type, Cerealin and Rumex acetosa-type into a single
quantitative framework, the method captures multiple dimensions of land use, including cultivation,
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grazing, and disturbance. This reduces reliance on individual taxa and increases the robustness of
anthropogenic signal detection. Moreover, the standardized structure of the index enables direct
comparison across sites, facilitating regional synthesis. Its integration with multivariate analyses such
as PCA allows anthropogenic signals to be evaluated within the broader structure of ecological
variability, providing a more rigorous assessment of their relative importance. Within this
framework, Olea europaea emerges as the most diagnostically robust proxy of anthropogenic land use.
In the Lake Iznik record, elevated Olea values coincide with reduced forest taxa, indicating large-scale
vegetation clearance and the expansion of olive-based agroecosystems [22]. The magnitude and
persistence of these increases exceed natural expectations, pointing to deliberate cultivation rather
than climatic expansion. Importantly, Olea occurs in association with other anthropogenic indicators,
reflecting integrated land-use systems rather than isolated taxonomic fluctuations. At a regional scale,
olive pollen is consistently linked to long-term landscape transformation and the intensification of
tree-crop economies [3,21]. This role is directly reflected in the PCA results. The alignment of Olea
rich assemblages with PC1 indicates that arboriculture-driven land use constitutes a primary driver
of the dominant ecological gradient. This confirms that anthropogenic processes are embedded
within the core structure of vegetation variability and supports the interpretation of PC1 as a human-
driven gradient consistent with BOP dynamics.

Although the human impact signal associated with BOP appears more limited in the study by
Eastwood et al. [6] at Lake Ova, it is likely that this difference is largely due to chronological
placement. Indeed, a later revised age-depth model by Giesecke et al. [23] shows that the increase in
Olea in the Lake Ova record corresponds to approximately 3177 cal BP, thus presenting a signal more
consistent with BOP. The results obtained in this study also reveal that anthropogenic impact is felt
at Lake Ova, and this signal is primarily represented through Olea. However, the fact that most of the
other selected taxa remain below 1% suggests that the anthropogenic pattern in this record is largely
Olea dominant. Despite its proximity to the Mediterranean coast, Lake Koycegiz does not reveal
strong traces of agricultural activities, such as olive cultivation, which would be expected to
correspond to the Hellenistic-Roman period in pollen records [4,6]. The fact that the total percentage
of the five anthropogenic indicators selected in this study is 1.29%, one of the lowest levels among
the lakes, suggests that this weak representation cannot be explained solely by chronological
discrepancies, as in Lake Ova. Therefore, it can be said that the anthropogenic signal associated with
BOP in the Koycegiz record is either quite weak or expressed in a limited way when compared to
other regional records. Similarly, the fact that the total proportion of the five selected anthropogenic
indicator taxa in Lake Hoyran remains at a very low level of 0.94% is consistent with Eastwood et al.
[6] assessment that this record does not reflect a clear BOP signal.

Comparison with European records reveals both broad consistencies and important regional
contrasts in the expression of anthropogenic signals. While increases in anthropogenic indicators are
widely associated with land-use intensification and landscape opening across Europe, the stronger
variability observed in Anatolia likely reflects its pronounced ecological heterogeneity and its
position at the interface of Mediterranean and continental climatic systems [13]. This transitional
setting enhances the sensitivity of vegetation to both climatic fluctuations and human pressure,
resulting in more spatially heterogeneous and site-specific expressions of anthropogenic impact.
Consequently, Anatolian pollen records do not simply replicate broader European trends but instead
highlight the context dependent nature of human environment interactions, where local
environmental constraints and socio-economic trajectories play a decisive role.

5. Conclusions

This study demonstrates that anthropogenic signals constitute a fundamental component of
pollen-derived vegetation variability across Anatolia, rather than representing secondary
disturbances superimposed on climate-driven patterns. The strong correspondence between the
anthropogenic indicator taxa and the primary PCA axis indicates that human-induced landscape
transformation is embedded within the dominant ecological gradients shaping vegetation dynamics.
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The results further reveal marked spatial variability in anthropogenic signals, with some lake records
(e.g., Iznik and Ova) showing high and dynamic values, while others (e.g., Hoyran and Kéycegiz) exhibit
consistently weak signals. This heterogeneity highlights that human impact is not uniformly expressed,
but instead reflects locally specific land-use strategies, ecological constraints, and socio-economic
conditions. The application of a composite anthropogenic pollen index, integrating multiple indicators
into a standardized quantitative framework, represents a significant methodological advancement over
traditional qualitative approaches. This framework enables direct comparison across sites and facilitates
the identification of regionally differentiated patterns of human impact. The results also emphasize the
dominant role of Olea europaea as a key proxy of anthropogenic land use, particularly in relation to
arboriculture and long-term landscape management. Its strong contribution to the primary PCA axis
confirms that tree-crop economies played a central role in structuring vegetation patterns during the Late
Holocene. Overall, this study provides a robust and transferable analytical framework for disentangling
anthropogenic and climatic drivers in pollen records. It contributes to advancing quantitative
palaeoecological research and offers new insights into the spatial complexity and long-term dynamics of
human-environment interactions in Anatolia.
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