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Tracing anthropogenic indicators
for small-scale land use on the
Åland Islands: palynological and
correlation analyses

Petter I. Larsson1*, Anneli Ekblom2 and Kristin Ilves1

1Department of Cultures, University of Helsinki, Helsinki, Finland, 2Department of Archaeology, Ancient
History and Conservation, Uppsala University, Uppsala, Sweden

This study was undertaken to address the question on anthropogenic landscape
modification and how to use such signals within palynology. Pollen, spores,
and microscopic charcoal from Lake Dalsträsk in the northern Åland Islands
are analyzed, covering the period from 741 BCE (Late Bronze Age) to the
early twentieth century. Percentage and influx data are compared as a means
of disentangling di�erent land use practices. The results of the palynological
analysis are further explored through correlation analysis of influx data and
Relative Pollen Productivity (RPP) values. Our findings confirm the presence of
modest cereal cultivation and grazing activities from the beginning of the Late
Bronze Age a hypothesis that has previously been debated. The study also shows
variations in land use after the Bronze Age, with an increase in farming from
around 398 CE (Migration Period) and an intensification of grazing activities
around 823 CE (Viking Age). Our study shows how land use practices have
shifted over the centuries and how these shifts have modified taxa composition.
Commonly used ’anthropogenic indicator’ pollen taxa show weak or indirect
correlations with cereal cultivation and grazing, while some taxa display positive
correlations. Our results point to the need to refine the use of anthropogenic
taxa in a local context to better elucidate small-scale land use.

KEYWORDS

Åland Islands, palynology, coprophilous spores, correlation analysis, NMDS,
anthropogenic landsacpe

1 Introduction

Small-scale and low-intensity agricultural practices, such as grazing, are easily missed
in the palynological record due to the lack of ecological proxies or the very small signatures
such practices leave behind (e.g., Wehlin et al., 2023). As a result, landscape histories
of regions deemed unfavorable for agrarian activities have remained largely unexplored
in terms of early and small-scale farming. Palynological studies from the boreal forests
of Scandinavia have demonstrated that even early and small-scale agrarian activities
contributed significantly to landscape modification (Svensson, 1998; Emanuelsson et al.,
2003; Eddudóttir et al., 2021). These findings indicate that agrarian practices were more
widespread and varied than previously assumed, underscoring the importance of studying
small-scale farming also in other northern environments, including the Åland Islands.

The primary method for tracing past agricultural activities relies on the use of
“anthropogenic indicators”—heliophilous ruderal species and other taxa favored by human
land use (cf. Iversen, 1941: p. 39–43). Such indicator taxa are routinely used to infer
anthropogenic impacts (e.g., Behre, 1981; Bottema et al., 2004) and have been calibrated
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against modern pollen assemblages (Gaillard et al., 1992; Hjelle,
1999). These taxa are also incorporated into the “open land”
category of the “Regional Estimates of Vegetation Abundance from
Large Sites” (REVEALS) model (Sugita, 2007b; Githumbi et al.,
2022). However, pollen productivity and dispersal of species vary
according to landscape characteristics and degree of openness
(Broström et al., 2005, 2008; Hellman et al., 2008; Mazier et al.,
2015). In addition, Relative Pollen Productivity (RPP) differs across
regions (Wieczorek and Herzschuh, 2020; Githumbi et al., 2022;
Wan et al., 2023). Here we assess “anthropogenic” pollen indicators
against cereal pollen and coprophilous spores using the RPP
estimates of the Northern Hemisphere published byWieczorek and
Herzschuh (2020).

In this study, we assess the correlation between anthropogenic
indicator taxa and evidence of cereal cultivation and grazing
practices in sediment core data from Lake Dalsträsk, located in
the northern parts of the Åland Islands. Land use shifts from
the Late Bronze Age to the present are analyzed by examining
tree and shrub pollen, “open land” indicators, cereal pollen,
and charcoal. Additionally, coprophilous fungi spores—rarely
included as proxies in pollen studies of the Nordic countries—
are incorporated, using percentage and influx data. Furthermore,
potential anthropogenic indicators are assessed statistically, based
on influxes and recalibrated RPP estimates (Broström et al., 2008;
Wieczorek and Herzschuh, 2020; Githumbi et al., 2022).

2 Background

The Åland Islands, in the Baltic Sea, are a group of islands that
are largely characterized by rocky terrain. The characteristics of
the terrain have historically caused the population on these islands
to face a shortage of arable land suitable for farming (Jaatinen
et al., 1989). Consequently, prehistoric and historic subsistence
strategies on Åland are believed to have relied heavily on maritime
resources (e.g., Storå, 2002; Storå and Lõugas, 2005). Nonetheless,
some evidence of small-scale agrarian practices has been identified.
Osteological material not only evidences the utilization of maritime
and coastal resources, but also domesticated animals (e.g., Forsten,
1974; Storå, 2000). Animal husbandry seems to have been centered
mainly around sheep (Ovis aries), although other taxa are also
present. There is also evidence for small-scale cereal cultivation in
the archaeobotanical record (e.g., Vanhanen et al., 2019; Larsson
et al., 2023). According to palynological investigations, cereal
cultivation has focused on barley (Hordeum spp.) and rye (Secale
cereale). A debate remains about when such farming practices
began on the Åland Islands.

Large parts of the Åland Islands remained submerged until
the end of the 6th millennium BCE, when hunter-gatherer groups
and fishers associated with the Comb Ceramic Culture began
visiting the islands (Stenbäck, 2003; Vanhanen et al., 2019). Later
Neolithic communities (3300–1500 BCE, Table 1) primarily relied
on seal hunting (Storå, 2000, 2002). Only a few examples of cereal
grains dating back to the Neolithic period have been identified
on Åland so far (Vanhanen et al., 2019). The combination of
domestic animals and cereal grains from the Bronze Age (1500–
500 BCE, Table 1) (e.g., Forsten, 1974; Vanhanen et al., 2019)
has been interpreted as small-scale experimentation with farming.

TABLE 1 Ålandic time periods, including pre-historic, phases and
sub-periods as well as the medieval periods with dates and abbreviations
provided.

Stone age
SA

5500–1500 BCE

Mesolithic
5500–3300 BCE

Neolithic
3300–1500 BCE

Bronze age
BA

1500–500 BCE

Early bronze age
EBA

1500–1100 BCE

Late bronze age
LBA

1100–500 BCE

Iron age
IA

500 BCE−1050 CE

Early iron age
EIA

500 BCE−550 CE

Late iron age
LIA

550–1050 CE

Pre-Roman period
500 BCE−0 CE

Roman period
0–400 CE

Migration period
400–550 CE

Merovingian period
550–750 CE

Viking age
750–1050 CE

Medieval period
MP

1050–1520 CE

Early medieval period
EMP

1050–1300 CE

Late medieval period
LMP

1300–1520 CE

Palynological investigations are few, but those available suggest
that agrarian land use during the Early Iron Age (500 BCE−550
CE, Table 1) remained small-scale, with low frequencies of cereal
pollen and other “anthropogenic” indicators recorded in pollen
signals (Larsson et al., 2023). It is only in the Late Iron Age (550–
1050 CE, Table 1) that evidence of increasing agrarian land use
appears, marked by a higher density of archaeological sites, an
increase in cereal pollen, and open-land indicators that are linked to
population growth (Larsson et al., 2023). An agrarian expansion is
also suggested during the medieval period (1050–1520 CE, Table 1)
(Alenius et al., 2022; Larsson et al., 2023).

2.1 Study area

Lake Dalsträsk (Reference system: ERTS-TM35FIN,
coordinates: N = 5709389.754, E = 113952.236), from which
the pollen core was retrieved, is located in the northern parts of the
main Åland Islands (Figure 1). The lake lies at 17.7m a.s.l., in hilly
terrain that ranges between c. 0–66m a.s.l. (Figure 1).

During the Bronze Age, the shoreline was more than 20
meters above its current level, and the availability of land suitable
for cultivation was quite limited. By the end of the Late Iron
Age, the shoreline had receded to ∼5 meters above the present
position (Figure 1; see Ekman, 2017 for calculations on historic
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FIGURE 1

Maps displaying the location of the Åland Islands and the location of Lake Dalsträsk (i.e., gray maps); map data: ©ESRI. The colorized map shows the
approximate shoreline displacement in prehistoric times; map data: ©MAANMITTAUSLAITOS (Maanmittauslaitos, 2023): the red dotted line represents
a 20-meter higher shoreline compared to today, representing approximately the Bronze Age, the black dotted line represents the shoreline
placement at the end of the Late Iron Age, ∼5 meters higher than today. In the bottom part of the image, terrain profiles of a 6 km bu�er diameter
(3 km radius from the center of the lake) are displayed. Maps created in QGIS (3.22.14).
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shoreline levels). Archaeological evidence of human activity in the
immediate vicinity of Lake Dalsträsk is scarce. A Neolithic/Bronze
Age dwelling area and burial ground have been recorded on the
steep rocky hill west of the lake (Nunez, 1990). Given the limited
availability of farmland and the absence of settlement evidence, a
low level of anthropogenic land use is hypothesized for the Lake
Dalsträsk area.

Lake Dalsträsk is a small lake, measuring 460 meters in width
(W-E) and 765 meters in length (S-N). Its hydrological source
area is well-defined by the surrounding hilly topography (Figure 1).
As a result, the pollen record should largely reflect an extra-local
signal, with some regional influence (Jacobson and Bradshaw, 1981;
Sugita, 2007a,b). However, the hilly terrain around Lake Dalsträsk
leads to significant surface run-off into the lake, which enhances
the local pollen signal. Spores are predominantly transported via
surface run-off and may therefore reflect a localized signal (Lee
et al., 2022).

3 Methods

3.1 Chronology and stratigraphy

A 2.24-meter-long core was retrieved with a piston corer in
2020, from the central parts of the lake (at a depth of 5 meters).
The sediment consists of dark, homogeneous and structureless,
coarse detritus gyttja. The total organic content of the sediment was
measured through loss on ignition (LOI). Magnetic susceptibility
was measured following standard procedures (Bengtsson and Enell,
1986).

Five radiocarbon (14C) dates (Table 2) from bulk sediment
samples were dated, calibrated (Reimer et al., 2020), and used
together with the year of sampling to generate anAge-Depthmodel.
The Bacon package in R was used to produce a Bayesian Age-Depth
model (Blaauw and Christen, 2011), where the prior of the model
was set to 10 yr/cm.

3.2 Palynology

Potassium hydroxide (KOH) was used to remove organic
material and hydrofluoric acid (HF) to remove mineral material.
A known amount of Lycopodium spores was added to the samples
to calculate pollen concentration and influx (Faegri et al., 1989:
p. 84). The samples were mounted onto slides (25.4 × 76.2mm,
with a thickness of 1–1.2mm, Cat. No. 7101S), with cover glasses
(22 × 22mm, thickness No.1, Cat. No. 641-0124). A total of
55 levels were counted using a light microscope at ×200–×1000
magnification, with a minimum of 500 terrestrial pollen grains
counted for each level.

Spores and microscopic charcoal particles were counted
alongside the pollen. The microscopic charcoal particles have been
classified into two categories, small charcoal (<50µm) and large
charcoal (≧50µm). The larger particles are likely to originate
from a more local area, while the smaller particles may be of a
regional origin (cf. Clark, 1988; Segerström et al., 2008). Pollen
was identified using the key presented by Moore et al. (1991),
except for cereal grains—where the key of Faegri et al. (1989)
was used. Spores were identified and analyzed based on published

papers as well as the Non-Pollen Palynomorph Image Database
(Van Geel, 1978; Aptroot and Van Geel, 2006; Van Geel et al.,
2007; Cugny et al., 2010; Shumilovskikh et al., 2022, 2023).
Cannabaceae pollen grains were separated by size, grains ≦25µm
are classified as Humulus, while grains ≧30µm are classified as
Cannabis. Types that fall in-between these size categories have
been grouped as Cannabis/Humulus-t. Due to morphological
similarities, pollen grains of Corylus andMyrica have been merged
into a Corylus/Myrica group.

The pollen diagram is expressed in percentages, based on the
terrestrial pollen sum (P). Spores, charcoal particles, and aquatics
have been calculated into percentages by adding the sum of the
respective group to the pollen sum (e.g., P + sum of charcoal).
The most common taxa and taxa often used as anthropogenic
indicators have also been presented with influx values. The influx
values allow for assessment of the relative changes as suggested by
the percentages. The pollen diagrams have been constructed in R
(Version 4.3.2; R Core Team., 2022), using the riojaPlot package
(Juggins, 2023). Zonation was carried out using cluster analysis
based on pollen percentages of terrestrial taxa and the results are
presented by pollen assemblage zones (PAZ).

3.3 Statistical analyses

A non-metric multidimensional scaling (NMDS) was carried
out, followed by correlation analyses.

First, the NMDS was applied to the percentage values of the
data. This was done in R, using the metaMDS function in the vegan
package (Oksanen et al., 2022). The Bray-Curtis dissimilarity index
(Bray and Curtis, 1957) was applied, and the results were plotted in
two dimensions where the taxa were color-coded using the ggplot2
package (Wickham, 2016).

In the NMDS, the taxa identified in the palynological analysis
was included. The taxa have been categorized following the
classification used in the pollen percentage diagram (Table 3). To
avoid cluttering, aquatic taxa were excluded from the analyses as
were most spores except for coprophilous spores, Equisetaceae, and
Pteridium aquilinum, which were included. The stress value of the
NMDS was 0.196066, thus falling below the critical significance
value of 0.2 (cf. Clarke, 1993).

Since the majority of the taxa of interest here have poor
pollen dispersal (Table 4), the pollen sum was recalculated, based
on all herb taxa, along with the taxa included in the analyses.
The influx of each taxon was divided by the RPP values of
the northern hemisphere published by Wieczorek and Herzschuh
(2020). Since no RPP values are available for Pteridium aquilinum
and Polygonum aviculvare, these taxa had to be excluded from the
correlation analysis.

A Shapiro–Wilk test of normality (implemented in R) was
applied (Supplementary Table 1). This confirmed that the pollen
data do not follow a normal distribution; as such, the Spearman
correlation model was used for the correlation analysis (cf. Hauke
and Kossowski, 2011). The correlation analysis was carried out in
R, using the Hmisc package (Harrell, 2024).

In the correlation analysis cereal types (a grouping ofHordeum-
t, Secale cereale, Avena/Triticum-t, and Cerealia undiff.) were used
as a variable to investigate correlation between cereal cultivation
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TABLE 2 Radiocarbon dating results of the five bulk samples out of the core Lake Dalsträsk.

LabID Depth (cm) δ13C (‰) 14C age BP 68.2% probability 95.4% probability

Ua-76426 42 −28.6 665± 29 1285–1305 CE (33.0%)
1364–1384 CE (34.1%)

1280–1323 CE (50.4%)
1356–1391 CE (45.0%)

Ua-76427 86 −25.4 1,554± 31 437–462 CE (18.9%)
476–498 CE (18.3%)
512–513 CE (1.1%)
532–566 CE (29.4%)

429–581 CE (95.3%)

Ua-76428 102 −27.3 1,642± 30 403–436 CE (37.2%)
463–475 CE (8.5%)
499–532 CE (20.5%)

266–271 CE (1.2%)
362–483 CE (68.8%)
487–537 CE (25.0%)

Ua-76429 150 −29.9 2,278± 31 393–357 BCE (43.7%)
276–259 BCE (14.5%)
243–233 BCE (9.4 %)

399–350 BCE (48.8%)
301–298 BCE (0.7%)
294–207 BCE (45.8%)

Ua-76430 222 −29.9 2,526± 33 776–749 BCE (18.4%)
684–665 BCE (12.4%)
639–585 BCE (30.3%)
582–568 BCE (7.0%)

790–722 BCE (28.3%)
705–662 BCE (17.8%)
650–544 BCE (49.0%)

TABLE 3 Table of the taxa included and their grouping in the NMDS.

Group Taxa

Anthropogenic indicator Populus, cf. Populus, Juniperus, Calluna, Filipendula, Artemisia, Ranunculaceae, Chenopodiaceae, Cichorium intybus-t, Cirsium, Rumex
acetosa, R. acetosella, Urtica, cf. Urtica, Plantago lanceolata, Polygonum aviculare, Polygonaceae, cf. Polygonaceae, Equisetaceae, Pteridium
aqualinium

Boreal tree Picea, Pinus, Pinaceae undiff, Betula, Alnus

Charcoal Small and large charcoal particles

Cultivated Hordeum-t, Secale cereale, Triticum/Avena-t, Cerealia undiff.

Herb Poaceae, Cyperaceae, Rosaceae, Lythrum-t, Caryophyllaceae, cf. Caryophyllaceae, Apiaceae, cf. Apiaceae, cf. Epilobium, Asteraceae, Anthemis,
Centaurea nigra, cf. Solanum dulcamara, Rumex undiff., cf. Rumex undiff., cf.Montia-t, Plantago undiff., Cannabis/Humulus, Cannabis,
Humulus, cf. Humulus, Papaver-t, Saxifraga, cf. Saxifraga, Galium, cf. Tofielda, cf.Mysosotis-t, Hyperium-t, cf. Lamium-t, Callitriche, Circaea

Shrub Salix, cf. Salix, Ericaceae

Spore Gelasinospora, Coniochaeta, Sordaraceae, Sordaria, Ascospore-cells of Sporomiella, Delitchia, Podospora

Thermophilous tree Corylus/Myrica, Ulmus, cf. Ulmus, Tilia, Quercus, cf. Quercus, Fagus, cf. Fagus, Carpinus, cf. Carpinus, Fraxinus, cf. Fraxinus

and anthropogenic indicator taxa. Cannabis and Humulus were
excluded as they are dioecious and the tracing of these in
palynology is uncertain (Grönlund et al., 1986; Skoglund, 2021).
Poaceae and Cyperaceae have also been excluded alongside
charcoal. The taxa included in the analyses are those which are
identified as “anthropogenic” in the literature (see reference in
Table 4) and consists mainly of herbs. For testing vegetational
response to grazing practices, we have grouped taxa of coprophilous
spores (Table 5). Coprophilous spores have proven valuable for
tracing grazing practices via palynology, although somewhat
more challenging to interpret in areas where wild grazers may
provide similar signals. However, on Åland, careful reviews of
the osteological material (e.g., Forsten, 1974; Storå, 2000, 2012),
gathered from archaeological excavations, have yielded no evidence
for wild grazers beyond hare (Lepus), and as such it is highly likely
that coprophilous occurrences in prehistoric periods represent the
presence of domesticated animals. The fungi-types included are
mostly strictly coprophilous and typically associated as indicative of
grazing practices (Table 5). Gelasinospora is a fungus that is partly
coprophilous, but which is also carbonicolous (i.e., grows on burnt
material) and lignicolous (i.e., growing on wood and trees; Van

Geel, 1978). The other exception is Coniochaeta, which besides
being coprophilous (Cugny et al., 2010; Leal et al., 2021; Lee et al.,
2022), also grows on dying wood (Van Geel, 1978).

We have interpreted the level of significance as a value of 0.3
(also including negative correlation values of −0.3). Values of 0.3
are interpreted as weak but still indicatively correlated. Correlation
values of 0.4 and 0.5 are interpreted as significant. Additionally, p-
values of the correlation matrix were obtained through the Hmisc
package in R (Harrell, 2024). P-values below 0.05 are highlighted
in Tables 6, 7. P-values above the critical limit of 0.05 do not
necessarily have to be rejected (cf. Betensky, 2019). However, in this
case the taxa with significant correlation coefficient values also have
a p-value below 0.05.

4 Results and interpretation

4.1 Chronology and stratigraphy

The Age-Depth Model suggests continuous sedimentation
from c. 741 BCE until the year the core was collected (2020 CE,
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TABLE 4 Taxon included in the correlation analysis with markers of earlier interpretation regarding type of land use and selected references to where
such use can be found.

Taxon Grazing Cultivation Ruderal References RPP (SE)

Populus X Hicks, 1988;
Tolonen et al., 1976

1.59 (0.536)

Juniperus X Ljung, 2017: p. 127; Behre, 1981; Vuorela, 1975 14.31 (1.001)

Calluna X Behre, 1981; Hicks, 1988 0.83 (0.071)

Filipendula X Hicks, 1988 0.88 (0.107)

Artemisia X X Behre, 1981;
Bottema et al., 2004

11.67 (0.363)

Ranunculaceae X X X Behre, 1981; Hicks, 1988 2.40 (0.396)

Chenopodiaceae X X Behre, 1981;
Hicks, 1988

7.02 (0.532)

Galium X Hicks, 1988 1.67 (0.129)

Caryophyllaceae X X X Behre, 1981 21.74 (1.463)

Chichorium intybus-t X Tyler et al., 2021 1.42 (0.053)

Rumex acetosa X X X Behre, 1981; Hicks, 1988 2.01 (0.151)

Rumex acetosella X X X Behre, 1981;
Hicks, 1988

2.01 (0.151)

Urtica X Behre, 1981;
Hicks, 1988;
Tyler et al., 2021

10.52 (0.310)

Plantago lanceolata X X X Iversen, 1941;
Behre, 1981;
Gaillard et al., 1992;
Bottema et al., 2004

3.54 (0.190)

Polygonaceae X Behre, 1981;
Hicks, 1988

N/A

Polygonum aviculare X Behre, 1981;
Hicks, 1988

N/A

Cirsium X X Tyler et al., 2021 1.42 (0.053)

Equisetaceae X Hicks, 1988 0.09 (0.020)

Pteridium aquilinium X X Behre, 1981 N/A

Cereals X 3.51 (0.500)

Relative Pollen Production (RPP) values and their standard error (SE) also included, fromWieczorek and Herzschuh (2020).

Figure 2). Sediment accumulation was calculated based on the
Age-Depth Model.

The total organic content in the LOI values falls within the
range of 30–50% throughoutmost of the core (Figure 3). The lowest
LOI is found in the oldest parts of the core (PAZ 1) and in the
uppermost part (PAZ 5). The highest values are reached in the
transition between PAZ 2 and PAZ 3. The magnetic susceptibility
lies between −5 and −15 (10−6) throughout the core, with a
reversed pattern of variation relative to the LOI as would be
expected (Figure 3).

4.2 Palynology

4.2.1 PAZ 1 (222–162cm, c. 741–307 BCE)
PAZ 1 is heavily dominated by forest taxa (Figure 4),

with Pinus, Betula, and Alnus. Herb taxa are also present

in low amounts (including Filipendula, Rosaceae, Artemisia,
Apiaceae, Asteraceae, Caryophyllaceae, cf. Epilobium, Rumex
acetosa, Rumex acetosella, Urtica, and Plantago spp.) (Figure 4).
Humulus and Cannabis/Humulus occur occasionally. Cerealia,
Hordeum-t, occurs at two levels (218 and 206 cm). The spores are
dominated by Equisetaceae, Pteropsida monolete, and Sphagnum.
Coprophilous spores occur sporadically <1% (Coniochaeta at 210–
206 and 194 cm, Sordariaceae at 178 cm, and Gelasinospora at
162 cm). Charcoal fragments fluctuate throughout the zone. Small
charcoal particles (<50µm) vacillate mostly between 30 and 40%,
peaking at 218–214 cm, while large charcoal particles (≧50µm) are
only found in small quantities (<1%).

4.2.2 PAZ 2 (158–106cm, c. 279 BCE−352 CE)
Boreal trees are still dominant in PAZ 2 (Figure 4), but Picea

(c. 8–18%) is established as a major taxon while there is a decline in
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TABLE 5 Coprophilous spores included in the analyze to test for
correlation to grazing practices with references where these ecological
traits can be found.

Coprophilous fungi References

Gelasinospora Van Geel, 1978

Coniochaeta Cugny et al., 2010; Leal et al., 2021; Lee et al.,
2022

Sordaria(+ceae) Cugny et al., 2010; Leal et al., 2021; Lee et al.,
2022

Ascospore cells of Sporomiella Van Geel, 1978; Cugny et al., 2010; Leal et al.,
2021; Lee et al., 2022

Delitschia Cugny et al., 2010; Lee et al., 2022

Podospora Cugny et al., 2010; Leal et al., 2021; Lee et al.,
2022

TABLE 6 Results of correlation analysis, visualizing correlation coe�cient
values between taxa and cereals and p-values of the correlation matrix.

Taxa Correlation value to
cereals

P-values

Populus −0.64 0.0008

Juniperus 0.33 0.0146

Calluna −0.20 0.1367

Filipendula −0.64 0.0000

Caryophyllaceae 0.03 0.8229

Artemisia −0.02 0.9055

Ranunculaceae −0.46 0.0004

Chenopodiaceae 0.23 0.0918

Cichorium intybus-t 0.37 0.0054

Cirsium 0.26 0.0569

Rumex acetosa 0.15 0.2866

Rumex acetosella −0.03 0.8469

Urtica 0.24 0.0734

Plantago lanceolata 0.41 0.0017

Galium 0.28 0.0401

Equisetaceae −0.45 0.0007

Correlation values showing strong correlation (>0.3) and p-values below 0.05 highlighted
with bold.

Pinus (c. 20–30%). Populus (with valuesmostly<1%) and Juniperus
(c. 1–3%) occur with higher percentages (Figure 4). Herbs are
dominated by Cyperaceae, Poaceae, and Ranunculaceae with a low
representation of other herb taxa. Hordeum-t is present at 150 cm
and Secale cereale at 114 cm. Fern spores are present in the zone
but there are no coprophilous spores. Small charcoal fragments first
decrease, with the lowest value of 19.6% at 142 cm and then increase
throughout the zone, with a peak of 45.5 at 114 cm, while large
charcoal fragments remain at low levels (<1%).

4.2.3 PAZ 3 (102–74cm, c. 398 CE−753 CE)
Percentages of all trees decline in this period (Figure 4), apart

from Populus, which remains stable. There is an increase of

TABLE 7 Results of correlation analysis, visualizing correlation coe�cient
values between taxa and coprophilous spores (indicating grazing) and
p-values of the correlation matrix.

Taxa Correlation value to
grazing

P-values

Populus −0.11 0.4274

Juniperus 0.00 0.9908

Calluna 0.06 0.6879

Filipendula −0.37 0.0054

Caryophyllaceae −0.01 0.9248

Artemisia 0.06 0.6436

Ranunculaceae −0.15 0.2907

Chenopodiaceae 0.24 0.0792

Cichorium intybus-t 0.33 0.0154

Cirsium −0.10 0.4699

Rumex acetosa −0.01 0.9518

Rumex acetosella 0.29 0.0300

Urtica 0.39 0.0029

Plantago lanceolata 0.35 0.0085

Galium 0.27 0.0467

Equisetaceae −0.04 0.7554

Cereals 0.30 0.0258

Correlation values showing strong correlation (>0.3) and p-values below 0.05 highlighted in
bold.

Juniperus pollen (6–10 %, peaking at 18.7% at 90 cm). Cyperaceae,
Poaceae, and Ranunculaceae are well-represented, together with
Caryophyllaceae, Rosaceae, Filipendula, Artemisia, Urtica, Rumex
undiff., R. acetosella, Plantago lanceolata, as well as Plantago
undiff. Hordeum-t, Secale cereale and Cerealia undiff. occur in
low numbers (<1%). Among the coprophilous spores Coniochaeta
appears at 66 and 58 cm, Sordariaceae at 62–54 cm and Sporomiella
at 46 cm. Small charcoal fragments increase to around 55%, while
the amount of larger particles remains low (<1%).

4.2.4 PAZ 4 (70–46cm, c. 823–1261 CE)
In PAZ 4, there is a decrease in both Picea (15–11%)

and Pinus (36.5–29.5%). By contrast there is an increase in
Betula (25–35%) and Alnus (up to 11%). Meanwhile, Populus,
Ulmus, Quercus, and Fraxinus decrease toward the upper parts
of the zone. Corylus/Myrica remains relatively stable (c. 1–2
%). Juniperus percentages are lower compared to the previous
zone (c. 1–3%). Cyperaceae, Poaceae, and Ranunculaceae are still
the dominant herb taxa. Other common herbs are Rosaceae,
Filipendula, Caryophyllaceae, Artemisia, Urtica, P. lanceolata, R.
acetosella (<1%). Overall, there is a reduction in Cerealia—
now only occurring sporadically (<1%; Cerealia undiff. at 70 cm,
Secale cereale at 66 and 46 cm). Coprophilous spores are still
present (Coniochaeta at 66 and 58 cm, Sordariaceae at 62–54 cm,
and Sporomiella at 46 cm). Small charcoal first declines sharply,
reaching the lowest value of 27% at 58 cm depth, then increases
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FIGURE 2

Age-Depth Model based on five 14C dates combined with the year of the retrieving of the core (2020 CE).

FIGURE 3

Diagram displaying loss on ignition and magnetic susceptibility measurements.
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FIGURE 4

Pollen, spore and charcoal percentage diagram. The vertical axes show calibrated years (BCE/CE) and depth (cm). Dark colored silhouettes
demonstrate the percentages of each taxon with exaggeration of percentages (×20) in light colors. Tree diagram from zonation included.
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in the younger parts of the zone, reaching 57 % at 46 cm. Larger
charcoal particles remain low (<1%).

4.2.5 PAZ 5 (42–6cm, c. 1332–1917 CE)
Percentages of trees in PAZ 5 are relatively stable throughout

this zone until the uppermost part (Figure 4), where Pinus becomes
very dominant (c. 44–52 %). In addition, Juniperus occurs in
higher percentages from 6% peaking at 17% at 18 cm, after which
percentages are low (c. 3–0.6%). Cyperaceae (mostly 2.5–5%) and
Poaceae (mostly 3–5%) dominate the herb taxa, but Ranunculaceae,
Filipendula, Artemisia, Rumex undiff., R. acetosa, R. acetosella,
Urtica, Plantago undiff., and P. lanceolata are also frequent.
Hordeum-t (<1%) and Secale cereale (0.3–1.44 %) increase and
are present in all levels of the zone, with one occurrence
of Avena/Triticum-t at 26 cm (<1%). Coprophilous spores are
more frequent in this zone, with Coniochaeta (26, 18–14 cm),
Gelasinospora (18, 10–6 cm), Sordariaceae (26–14 cm), Sordaria
(18–14 cm), Delitschia (10 cm), and Podospora (14 cm). Small
charcoal particles are common (34–61%), while larger charcoal
particles are present at low levels (0.3–1.3%) (Figure 4).

4.3 Pollen influx

In PAZ 1 (741–307 BCE), the influx values of boreal forest
taxa (Pinus, Picea, and Betula) are relatively low while broadleaf
forest trees (Quercus, Fraxinus) are dominant alongside Alnus
and Corylus/Myrica (Figure 5). In PAZ 2 (279 BCE−352 CE), the
arboreal pollen (AP) increases but decreases again in the younger
parts of the zone (Figure 5). In parallel, heliophilous taxa such as
Populus and Juniperus increase (Figure 5). In PAZ 3 (398–753 CE),
there are initially low values of all AP types, though Juniperus is
well-represented. From 86 cm depth, the influx of boreal pollen and
Juniperus increases significantly. In the uppermost part there is a
parallel progressive increase in Poaceae and Cyperaceae (Figure 5).
In PAZ 4 (823–1261 CE), the influx of boreal trees remains high
together with Alnus and Salix, while Juniperus decreases markedly.
The influx of Pteridium aquilinum is higher in the upper part of the
zone and coprophilous spores are present continuously (Figure 5).
In the upper zone, PAZ 5 (1332–1917 CE), the influx of boreal
trees remains high together with Salix and an increase in Juniperus
(both declining in the very top of the zone). Cereal influx is high
and continuous throughout PAZ5. In the upper half of PAZ 5,
coprophilous spores increase markedly (Figure 5).

4.4 Statistical analyses

The NMDS (Figure 6) shows that cultivated taxa (i.e., cereal
pollen), charcoal, boreal trees, thermophilus trees, shrubs, and
to some extent also coprophilous spores show some clustering
tendencies. Herbs and the anthropogenic indicator taxa are
more dispersed.

Based on the influx values divided by RPP values, several of the
taxa that are often used as anthropogenic indicators in palynology
do not display a correlation to cereal pollen (Table 6). Some taxa

are close to reaching the limit of 0.3, such as Cirsium, Urtica, and
Galium, while others show remarkably low correlation, such as
Caryophyllaceae, Artemisia, R. acetosa, and R. acetosella (Table 4).
Populus (−0.64), Filipendula (−0.64), Ranunculaceae (−0.64) and
Equisetaceae (−0.45) show a negative correlation, meaning that
these taxa appear to decline with cereal pollen (Table 6).

Cereal pollen shows a positive correlation coefficient of 0.30
with coprophilous spores (Table 7). Cichorium intybus-t (0.33),
Urtica (0.39), and P. lanceolata (0.35) have a positive correlation,
the p-values of these taxa falling below 0.05 (Table 7). A negative
correlation is found in Filipendula (−0.37).

4.5 Interpretation of results

4.5.1 Land use changes based on percentage and
influx

In the first pollen zone (PAZ 1), dated to 741–307 BCE
the influx values of boreal trees are low, while broadleaved
trees are common together with herbs. There are many factors
that can influence the dynamics of open land species. Various
processes and disturbances prompt changes over time (e.g.,
Holling, 1973; Harrison, 1999; Gunderson, 2000). Fraxinus and
Myrica (grouped with Corylus) may have colonized recently
exposed, and temporarily waterlogged areas. Retreating shorelines
were likely favorable to some of the heliophilous herbs. The
sporadic presence of coprophilous spores and Hordeum-t pollen
together with relatively high values of charcoal suggest some small
presence of farming activities and grazing already from around
708 BCE.

From 279 BCE (PAZ 2) the percentages and influx of forest
trees (boreal and broadleaf forest) increase, and Picea colonizes
hilly areas as well as open land, including newly exposed areas.
Nonetheless, there is also an increase in Juniperus—a heliophilous
taxon. In this case, the increase in both shade trees and heliophilous
taxa may result from the glade effect (Feeser and Dörfler, 2014),
i.e., where flowering and pollen production of sun-loving taxa
are facilitated by sunlight reaching glades or the edges of forest
vegetation. At the end of the zone (118 cm, c. 197 CE), there is a
significant decline in forest (shown both in percentages and influx).
However, Salix increases, and Betula increases slightly—both being
fast-growing colonizers in open land. This shift is preceded by a
peak in small charcoal particles, the combination of which may
be linked with human-made clearings of vegetation. Although
Hordeum-t and Secale cereale occur only in two instances, there is
no evidence of coprophilous taxa, and the percentages and influx of
“anthropogenic” herb taxa are generally low.

Juniperus continues to increase markedly at the beginning
of PAZ 3 (starting from c. 398 CE). The low percentages and
influx values of trees persist. Cyperaceae and Poaceae are well-
represented, and the combination of a higher representation of
Juniperus along with occurrences of coprophilous spores may
indicate landscape modification through grazing (cf. Vuorela,
1975). Possible “anthropogenic indicators,” such as Urtica, P.
lanceolata, R. acetosella, as well as Plantago undiff. are also
common. Additionally, cereal cultivation seems to have increased
during this period, as indicated by occurrences of Hordeum-t,
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FIGURE 5

Pollen influx diagram of selected taxa, notice variances in x-axis scales.

FIGURE 6

NMDS plot for the pollen data of Lake Dalsträsk.

Secale cereale, and Cerealia undiff., observed in both percentages
and influx. A regrowth of forest appears to have occurred from
around 612 CE (82 cm), as the percentages and influx of boreal
pollen increase significantly. In the upper part of the zone, there
is a progressive increase in Poaceae and Cyperaceae. Small charcoal
fragments are also well-represented during this period.

Juniperus decreases markedly in the following zone, PAZ 4,
which begins around 823 CE (visible both in percentages and
influx), while the percentages and influx of boreal trees remain
high. Alnus and Salix are also well-represented. Coprophilous

spores are continuously present, and based on influx values, grazing
pressure appears to increase. Cereal cultivation declines markedly,
with only a few occurrences of Secale cereale and Cerealia undiff.
Charcoal particles also decrease. Altogether, this may suggest a shift
in land use toward less cultivation.

The period after 1332 (PAZ 5) represents a phase of continuous
intensification of land use. Juniperus increases progressively, and
this, combined with the presence of some anthropogenic indicator
taxa (e.g., P. lanceolata and Urtica) may reflect grazing practices.
Poaceae and Cyperaceae also increase, possibly as a result of
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hay-making activities. There is a clear increase in cereal pollen,
evident in both percentages and influx values. Coprophilous spores
indicate increased grazing in the upper half of the zone. In the
upper half of the zone, Pinus becomes dominant in the percentages
(c. 44–52%), though less so in the influx values, whichmay be linked
to plantations and/or the abandonment of agricultural land.

4.5.2 Assessing the “anthropogenic indicators”
Small-scale and low-intensity land use is often challenging

to interpret in the pollen record. Cereal pollen, most of the
“anthropogenic taxa” (Table 4), and coprophilous spores have low
pollen productivity and/or poor dispersal. However, the landscape
surrounding Lake Dalsträsk offers a possibility to test vegetational
responses to anthropogenic land use practices, as the slopes around
the lake provide increased input of pollen and spores via surface
runoff (cf. Lee et al., 2022). As such, we have taken advantage
of this increased signal to test the correlation of “anthropogenic
indicators” with cereal pollen and coprophilous spores. Cereal
pollen is normally the most reliable source for interpreting agrarian
land use signals. However, as described above, the lack of evidence
for wild grazers on Åland suggests that the use of coprophilous
spores in this context is more reliable than it is in areas with
wild grazers.

The combination of NMDS and correlation analysis was used
to aid the interpretation of anthropogenic land use. The analysis
established that Juniperus, C. intybus-t, and P. lanceolata show a
positive correlation with cereal pollen and local cereal farming,
while Populus, Filipendula, Ranunculaceae, and Equisetaceae have a
negative correlation with cereal pollen. Urtica, P. lanceolata, and C.
intybus-t, and cereals correlate positively with grazing (as inferred
from coprophilous spores), while Filipendula shows a negative
correlation. Several taxa commonly used as “anthropogenic
indicators” show no correlation with cereal pollen or coprophilous
spore taxa (Tables 6, 7).

Some taxa thrive when the forest canopy opens—a process
that can be linked to grazing and cultivation practices but may
also result from various natural processes that increase sunlight
exposure. Consequently, such taxa may also benefit from natural
disturbance regimes, such as forest fires or storms (Miller et al.,
2008; Fourrier et al., 2013; Marzen et al., 2017). In this study,
Juniperus is correlated with cereal cultivation rather than grazing
practices. However, elsewhere in south-western Finland, Juniperus
has been used as a grazing indicator (cf. Vuorela, 1975). Our results
suggest that Juniperus is primarily favored by open landscapes
rather than any specific land use practice, and that grazing
pressure at this site was not sufficient to create an open landscape.
Examining the percentage diagram (Figure 4), the highest values
of Juniperus coincide with increased charcoal particle levels and
cereal pollen. This pattern suggests that fire may have been used
to clear the forest areas for permanent fields or it might even reflect
early slash-and-burn cultivation (cf. Tolonen, 1985; Lindman, 1991;
Ponomarenko et al., 2019).

Interestingly, in our study, cereal cultivation shows a negative
correlation with Populus, despite its common presence in fields
and settlements elsewhere (Tolonen et al., 1976; Hicks, 1988).
Populus is often underrepresented in pollen records due to its low

pollen production and limited dispersal (e.g., Chevalier et al., 2020,
Table 4). However, on Åland, Populus has been used for pollarding
and leaf-fodder production (Curman, 1993). This practice could
have reduced pollination, and the negative correlation coefficients
may reflect the early implementation of leaf-fodder production
on Åland.

5 Discussion

In this study, we set out to assess possible evidence of
small-scale agrarian land use in the northern part of the Åland
Islands, an area without clear archaeological evidence of human
land use practices. Additionally, we have assessed anthropogenic
modification as part of this land use.

Even though the prehistoric population on Åland—alongside
many other prehistoric populations in coastal areas, archipelagos,
and islands—has been assumed to have relied heavily on maritime
resources, our study clearly shows that terrestrial resources were
also utilized. Although osteological material shows that maritime
and coastal resources have been of great importance for the
Ålandic population throughout the millennia, the evidence for
agrarian land use is steadily increasing as more research is being
conducted on the subject. Our study is the latest example of
agrarian land use on Åland, extending further back than most
earlier studies. The oldest part of the pollen core shows that
agrarian land use practices date back to the Late Bronze Age
and then progressively increase over the following centuries—thus
adding further evidence for the relatively widespread practice of
agriculture on these islands in prehistory. The agrarian practices
that have been identified via palynological analysis from Lake
Dalsträsk are cereal cultivation (ofHordeum spp. and Secale cereale)
and grazing. These practices were small-scale, but there is a clear
increase from theMigration Period onward.We have also identified
shifts in land use. In the Viking Age, there is a decrease in cereal
cultivation, accompanied by an increased signal of coprophilous
spores, which we interpret as likely representing a growing focus
on animal husbandry. In the medieval period, cereal cultivation
is re-established and progressively intensified. These shifts have
made it possible to investigate how small-scale and low-intensity
land use of different kinds has shaped the landscape and the taxa
composition. In particular, we have focused on taxa commonly used
as “anthropogenic indicators” to identify how these respond to the
kind of small-scale land use practiced on Åland in the past.

Certain aspects of landscape modification through
anthropogenic land use may be interpreted using traditional
methods of pollen analyses, such as visually interpreting percentage
(Figure 4) and influx (Figure 5) diagrams. An example of this is the
interpretation of landscape openness, based on the ratio between
arboreal and non-arboreal pollen types (AP/NAP), as well as the
occurrence of heliophilous taxa in combination with the directly
linked signals of cereal pollen and coprophilous spores. However,
to aid the interpretation of more subtle changes, it was necessary to
apply statistical tests. Intentionally, we chose to use rather simple
statistical approaches to investigate anthropogenic landscape
modification and to test the response of “anthropogenic indicators”
to small-scale land use, consisting of both cereal cultivation
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and grazing practices. This choice was made to encourage more
frequent statistical applications in palynological research.

The NMDS clearly highlights the different ecologies of these
“anthropogenic indicators,” evidenced by a clear dispersion in the
plot (Figure 6). To better understand the lack of clustering tendency
among the “anthropogenic indicators,” we applied correlation
analyses (Tables 6, 7). Through this, we were able to establish
which taxa were favored by the anthropogenic land use around
Lake Dalsträsk and which were not. As a result of the clear shifts
in land use practices, we could also determine differences and
similarities in the vegetational response to cereal cultivation and
grazing practices separately.

Our results may primarily serve as a tool to interpret
palynological data from the Åland Islands, although local variability
must be considered. However, our findings on “anthropogenic
indicators” may not be applicable to sites outside of Åland,
as landscapes are highly complex and influenced by many
simultaneous processes affecting ecosystems and taxa composition.
Nonetheless, we have successfully highlighted the need to utilize
statistical approaches to support palynological interpretations.
Such statistical approaches are not limited to NMDS and
correlation analyses, but these relatively simple methods are, in
fact, useful for gaining a deeper understanding of anthropogenic
landscape modification over long periods of time. Further testing
on larger datasets, with a broader geographical scope, may provide
a more detailed and updated understanding of the application of
“anthropogenic indicators” in palynology.

6 Conclusion

Our results demonstrate that even in areas with low suitability
for agrarian practices, both cereal cultivation and grazing were
practiced in the vicinity of Lake Dalsträsk and can be traced
palynologically. In this study, NMDS and correlation analyses
proved invaluable for assessing the relationship between specific
“anthropogenic” taxa and land use practices.

Several taxa often used to interpret anthropogenic land use
had no correlation with other, more direct, evidence such as cereal
pollen or coprophilous spores. Some taxa were indicative of cereal
cultivation, others of grazing, while some showed correlations with
both land use practices—likely because these practices were carried
out side by side.

The methodological approach used in this study revealed
evidence of relatively small-scale agrarian activity in the Lake
Dalsträsk area from the Late Bronze Age onwards, which—despite
some indicators—is earlier than generally assumed. During the
end of the Bronze Age and most of the Early Iron Age, cereal
cultivation and domesticated grazing were practiced on a limited
scale. However, from around 398 CE, there was a significant
decline in forest cover. This was accompanied by an increase in
Juniperus, charcoal particles, cereal-type pollen, and coprophilous
spores. The combination of these indicators points to intensified
agrarian land use that resulted in landscape modification. During
the Viking Age and early medieval period, forest cover increased
and cereal cultivation largely ceased, as indicated by the minimal
occurrence of cereal-type pollen. Yet, the presence of coprophilous
spores suggests continuous—and possibly intensified—grazing

pressure. However, the intensity of this forest grazing was not
sufficient to prevent a reforestation process. By 1332 CE, cereal
cultivation resumed, and from the early modern period onward,
there was again an increase in coprophilous spores, indicating
intensified grazing.

Given the scarcity of archaeologically identified sites in the
studied area, interpreting palynological data becomes critical for
reconstructing past activities. The use of anthropogenic indicator
taxa is well-established methodologically; however, understanding
small-scale land use through these taxa presents challenges due
to the complexity of landscape and ecosystems. In this study,
NMDS and correlation analyses proved invaluable in addressing
these challenges, offering deeper insights into the interplay between
specific taxa and land use practices. This study highlights the
importance of including statistical tests, such as correlation analysis
(as applied here), in refining the interpretation of “anthropogenic”
taxa in local contexts.
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