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Abstract: Understanding the past dynamics of vegetation in response to climate change is
crucial for predicting future ecological outcomes. This study has two primary objectives:
(1) to reconstruct the vegetation history of the coastal region around Lake Lilaste in Central
Latvia during the Holocene and (2) to assess the impacts of climate change on forest com-
position through the analysis of pollen data and radiocarbon dating. The results indicate
that dominant tree species, particularly pine (Pinus), have shown remarkable resilience
despite significant climate fluctuations. Pine’s adaptation to the sandy, mineral-poor soils
surrounding the lake likely underpins its sustained dominance, while the influence of
climate change on overall tree biomass is more notable. Our results suggest that vegetation
may be more susceptible to future climate variability, yet the region’s geological and soil
conditions continue to favor pine, birch (Betula), and alder (Alnus) populations. While
human activities have influenced the region during the last millennia, their impact has been
more pronounced in areas further from the lake. This study underlines the importance of
long-term forest dynamics and emphasizes that the soil and geological and geographical
setting must be considered for climate change assessments.

Keywords: pollen analysis; radiocarbon dating; forest composition; Holocene; sandy
substrate; climate warming

1. Introduction
The forest plays a significant role in providing ecosystem services that benefit society,

including biodiversity, wood production, recreation, hydrology, and climate regulation [1,2].
The relevance of anthropogenic impacts in the context of climate change is becoming an
increasingly pressing issue for both society and science [3–6]. In light of climate goals and
the rising demand for renewable materials, the utilization of natural resources is expected
to increase, particularly to meet the growing need for timber and the expansion of forested
areas. Forest vegetation represents a vital natural resource in Latvia, covering 53% of the
country’s territory. This extensive forest area highlights the importance of researching forest
vegetation dynamics and developing well-considered forest management plans [7–9].

Changes in environmental conditions are influenced not only by annual mean temper-
ature and precipitation but also by seasonal variations and extremes, which significantly
affect vegetation phenology and plant productivity. For example, fluctuations in winter and
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spring temperatures have been linked to vegetation development [10–13]. During drought
years, the growth of boreal forests has been primarily hindered by temperature [14]. As the
climate continues to change, understanding past climate and vegetation data—including
trends, drivers, and consequences—serves as a crucial resource for assessing potential
future forest composition [15,16]. Some studies suggest that to establish a robust next
generation of trees, it is crucial that the species planted today are climatically suitable
for the entirety of the twenty-first century [17]. Species such as beech, oak, and ash are
generally more resilient to changing conditions, while others, including larch, silver birch,
and Norway spruce, exhibit a higher vulnerability to shifting climates [18].

Given the importance of forest ecosystem services, it is essential to understand how
climate change may impact forests in Latvia by the end of this century, when average
temperatures are projected to be at least 2–3.5 ◦C warmer than present. Geological evidence
indicates that the Latvian territory experienced similar climatic conditions during the
Middle Holocene, characterized by air temperatures that were 2–3.5 ◦C higher than those
today [19]. The features of historical climate and environmental variability are preserved
in the natural record, which varies in data resolution and the temporal extent of the
information it conveys [20].

The aim of this study is to reconstruct past vegetation changes in a sandy coastal
region of Central Latvia to understand how climate change during the Holocene has
influenced forest composition. Gaining long-term insights into these shifts is essential
for assessing which tree species may become dominant and which are likely to decline in
the future. Given that sandy soil areas are currently utilized primarily for forestry rather
than agricultural purposes, it is anticipated that similar land management practices will
continue to be relevant in the future. The study site was selected to determine whether the
climate serves as the primary factor influencing forest dynamics, or whether other potential
agents also play significant roles. This study specifically aims to consider local soil and
geological factors, which have often been overlooked in research that focuses exclusively
on the role of the climate in shaping forest composition in the pan-Baltic region [21–24]. We
hypothesize that climate change did not significantly alter the long-term composition of
dominant tree species, such as pine, birch, and alder, within the forest during the Holocene.
Furthermore, we propose that soil and geological factors played a more critical role in
maintaining the long-term stability of these species than the climate did.

To characterize vegetation during the Holocene, pollen analysis is used in this study,
allowing the reconstruction of past vegetation relationships that allow for the identification
of dominant trees in a given area. Pollen is one of the most abundant microfossils preserved
in sediment archives, such as lakes, whose sedimentary assemblages are related to regional
and local vegetation. Pollen analysis is the primary method for determining past vegetation
responses to climate change and human impact [25–27]. At the same time, we are aware
that pollen can travel from a wider area; therefore, our reconstructions describe more
regional vegetation than that strictly local. Lake sediments accumulate relatively slowly
but continuously (there may be breaks in sediment accumulation in peatlands and soils),
preserving information from a specific time (younger sediments accumulate on top of older
sediments), which allows for reconstructing the evolution of terrestrial vegetation and
environmental changes over time. In this study, we selected Lake Lilaste as the main study
site characterizing vegetation dynamics during the Holocene. Lake sediments were chosen
as a primary data source due to their relatively stable depositional environment, which has
been less affected by, for example, wave-induced water or wind erosion [20]. Lake Lilaste
is large, and such sites tend to reflect the regional relative forest cover [28,29].
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2. Study Area
Lake Lilaste (183.6 ha) is located in the Coastal Lowland (Figure 1) at an altitude of

0.5 m a.s.l., with a catchment area of 140 km2. The average water depth is 2 m, but the
max depth is 3.2 m. It is a flow-through lake with river Melnupe entering the lake on the
eastern side, connected with Lake Dunezers in the south, and it has an outlet to the Baltic
Sea (Riga Bay) on the northwestern part. The average mean temperature is +8 ◦C, the
summer mean air temperature is +18.5 ◦C, and the winter mean air temperature is −2.5 ◦C.
The average amount of annual precipitation is 650 mm. Rather poor soils comprise the
area within 4 km, including Pv (Luvisols/Alisols), 83% of all soils; Tp (Hemic histosols),
11%; Pg (Dystric Arenosols/Alisols/Dystric cambisols, retisols, regosols), 3%; and Vg
(Gleysols), 3%. Vegetation and landcover within 4 km comprise coniferous forest, 54% of
all areas; sparsely vegetated areas, 11%; transitional woodland-shrub, 8%; mixed forest, 7%;
broad-leaved forest, 3%, beaches, dunes, and sands, 2%; inland marshes, 3%; and peat bogs
(wetland), 2% [29]. The total tree stock within 4 km is 945,037 m3. The area around Lake
Lilaste is surrounded by Holocene eolian sediments—sand—influenced by the location of
the lake in the area of the seaside plain, where the southeastward flow of wind drift occurs
and a zone of eolian sediment accumulation is formed. The direction of the wind-driven
debris flow is indicated by the dunes and foredunes. The relief consists of undulating
plains and undulating dune hills, ranging in height from 10 to 20 m. Quaternary sediments
within 4 km comprise lgQ3ltv (glaciolacustrine sand and silt with sand), 61.6%; vQ4 (eolian
sand), 17.7%; mQ4ltv (marine sand), 8.4%; aQ4 (alluvial sand), 7.7%; and bQ4 (peat), 4.5%.
Lake Lilaste is located in a coastal area and its development has been influenced by the
stages of the Baltic Sea [30,31].
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Figure 1. Location of the Lake Lilaste site in northeastern Europe (A); location of study site (Lake
Lilaste) in Latvia (B).

3. Materials and Methods
3.1. Sampling and Chronology

Lake Lilaste was sampled through ice in February 2013. Altogether, 10.40 m of lake
sediment was obtained. We used chronological data (spheroidal fly ash particles, 14C;
Table 1) previously published by Grudzinska et al. [30] and applied the latest IntCal20
calibration data set [32], producing a new age–depth model in the R environment [33] using
the Clam package version 2.6.1. [34].
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Table 1. Data used to build a chronology for Lake Lilaste (according to the original data from [30]).

Depth, cm (From Water Surface) Lab Code Date Dating Method

218 SFAP −55–−70 cal BP Spheroidal Fly Ash Particles

380 Poz-63856 2385 ± 30 14C AMS

515–520 Tln-3500 3793 ± 60 14C conventional

540–545 Tln-3497 3920 ± 55 14C conventional

660 Poz-63857 4880 ± 30 14C AMS

878 Poz-57601 6370 ± 40 14C AMS

1050 Poz-63858 7810 ± 35 14C AMS

1222 Poz-48438 9630 ± 60 14C AMS

1240 Poz-48439 9710 ± 50 14C AMS

3.2. Pollen

In total, 51 samples were analyzed for pollen. To provide information on vegetation
changes during the Holocene epoch, samples were prepared at 200-year intervals to obtain
a sequential representation of long-term vegetation changes. Sample counts started at
a depth of 1145 cm, corresponding to 9800 cal BP (Early Holocene), and the uppermost
sample layer was at a depth of 202 cm, corresponding to −60 cal BP (Late Holocene). Hence,
sampling intervals were measured based on the chronology of the age–depth model. Before
chemical treatment, tablets containing Lycopodium spores (one tablet per subsample) were
added to sediment subsamples to estimate the concentration of pollen grains per cm3 [35].
Subsamples of 1 cm3 and 1 cm thickness were treated using the standard pollen preparation
method procedure. The acetolysis method [36,37] to remove polysaccharides was used for
each sample (hot water bath for 3 min). The prepared samples were stored in glycerin. At
least 500 terrestrial pollen grains per sample were counted to the lowest possible taxonomic
level using published pollen keys and a personal reference collection. The percentage
of terrestrial taxa was estimated using arboreal and nonarboreal pollen sums (excluding
sporomorphs of aquatic and wetland plants). The pollen accumulation rate was estimated
by multiplying pollen concentration per sample with the mean sediment accumulation
rate, providing an approximate indication for past tree biomass variability [38].

Pollen results were visualized using the RStudio environment (v. 2024.04.0+735) using
the riojaPlot package version 01-20. Principal Component Analysis (PCA) showing the
variation and relationships in the data was generated in PAST version 4.15 [39]. Prior to
PCA, the data were transformed (normalized) using the Box–Cox statistical transformation,
which transforms variable values so that they resemble a normal distribution, as otherwise,
values that are significantly high due to one species/taxon might produce incorrect/biased
PCA results [40].

4. Results
4.1. Chronology

We did not recognize any rapid breaks or thickening in sedimentation. In conclusion,
sediment accumulation was not disturbed and there was a continuous sedimentation of
gyttja during the Holocene in Lake Lilaste (Figure 2). Basal sediments consist of clayey
silt with sand (1260–1245 cm), sand layers with wood (1245–1226 cm), gyttja with detritus
(1226–1218 cm), lacustrine marl (1218–1193 cm), silty gyttja (1193–1130 cm), calcareous
gyttja (1130–1110 cm), and organic rich homogenous gyttja (1110–200 cm; 200 cm is the
top of the sediment surface as the water depth was 200 cm at the sampling point) [30].
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Based on the sediment accumulation results, a higher accumulation rate occurred from
8280 cal BP, which roughly coincides with the start of Middle Holocene and marks begin-
ning of the Holocene Thermal Maximum. The period from 7610 to 6770 cal BP stands
out in terms of the intensity of the sediment accumulation rate, with an annual accu-
mulation of about 0.14–0.15 cm. Although these values were higher than the rest of the
indices, it is not clear what is behind this increase in sedimentation, as there can be mul-
tiple reasons for this. The average sediment accumulation rate in Lake Lilaste during
the Holocene was ~0.1 cm per year. Chronological confidence ranges (95%) span from
123 to 295 yr (on average, 196 yr). Weighted averages before the present were used (cal
BP; 0 = CE 1950). Chronological zonation followed the common stratigraphic subdivi-
sion of the Holocene [41]: Early Holocene (Greenlandian Age; warm and moist climatic
conditions), 11,700–8200 cal BP; Middle Holocene (Northgrippian Age; warm and dry),
8200–4200 cal BP; and Late Holocene (Meghalayan Age; cool and moist), last 4200 cal BP.

Quaternary 2024, 7, x FOR PEER REVIEW 5 of 14 
 

 

8200 cal BP; Middle Holocene (Northgrippian Age; warm and dry), 8200–4200 cal BP; and 
Late Holocene (Meghalayan Age; cool and moist), last 4200 cal BP. 

 
Figure 2. Age–depth model for the sediment sequence of Lake Lilaste. The gray area indicates a 
reconstructed 95% chronological uncertainty band. The 14C dates are indicated in blue and spheroi-
dal fly ash particles are in light blue. 

4.2. Pollen 
A total of 12 tree, 9 shrub and small shrub, 5 ruderal, and 13 grass and herbaceous 

genera/families were identified. The dominant taxa were trees—pine (Pinus), spruce 
(Picea), birch (Betula), and alder (Alnus) (Figure 3). Pine was dominating in the vicinity of 
Lake Lilaste during the Holocene (percentage values from 28 to 57%). The average amount 
of birch was 20%, with a maximum (34%) in the Early Holocene. The average percentage 
of spruce in the vegetation was 9% at its lowest, with a peak in the Middle Holocene. The 
maximum amount of hazel (Corylus) was reached between 8490 and 7100 cal BP. Early 
Holocene vegetation was characterized by pine, birch, alder, and spruce as the dominant 
trees around the site. The Middle Holocene had the highest broadleaved tree appearance 
within the Holocene. Quercus appeared in the region from 7000 cal BP. Ulmus had its 
highest values during the Middle Holocene, and, starting in the first half of the Late 
Holocene, substantially declined (Figure 3). Overall, Late Holocene is characterized by a 
decline in broadleaved trees. 

Figure 2. Age–depth model for the sediment sequence of Lake Lilaste. The gray area indicates a
reconstructed 95% chronological uncertainty band. The 14C dates are indicated in blue and spheroidal
fly ash particles are in light blue.

4.2. Pollen

A total of 12 tree, 9 shrub and small shrub, 5 ruderal, and 13 grass and herbaceous
genera/families were identified. The dominant taxa were trees—pine (Pinus), spruce (Picea),
birch (Betula), and alder (Alnus) (Figure 3). Pine was dominating in the vicinity of Lake
Lilaste during the Holocene (percentage values from 28 to 57%). The average amount of
birch was 20%, with a maximum (34%) in the Early Holocene. The average percentage of
spruce in the vegetation was 9% at its lowest, with a peak in the Middle Holocene. The
maximum amount of hazel (Corylus) was reached between 8490 and 7100 cal BP. Early
Holocene vegetation was characterized by pine, birch, alder, and spruce as the dominant
trees around the site. The Middle Holocene had the highest broadleaved tree appearance
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within the Holocene. Quercus appeared in the region from 7000 cal BP. Ulmus had its highest
values during the Middle Holocene, and, starting in the first half of the Late Holocene,
substantially declined (Figure 3). Overall, Late Holocene is characterized by a decline in
broadleaved trees.
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The amount of herbs and deciduous plants around Lake Lilaste was comparatively
lower than that of trees and shrubs (Figure 4). Grasses (Poaceae) were the dominant com-
ponent of the vegetation, with percentages ranging from 0.7% to 9%. The peak abundance
of grasses occurred during the Early Holocene, and rather high values were also reached in
the first half of the Middle Holocene. Pollen analysis also revealed the presence of Humulus
as early as the Early Holocene; however, the highest values were reached only in association
with human impact (Figure 5). Although our analyses show human-related Humulus as
early as the Early Holocene, it is important to underline that these taxa can occur in natural
conditions as well. The presence of Secale cereale (rye), Avena (oat), and Centaurea cyanus
(cornflower) was recorded in the Late Holocene, with percentages ranging from 0.1% to 1%.

Regarding the Principal Component Analysis (Figure 6), the first two components of
the PCA explain 31.4% of the total variation. Each Holocene subdivision (Early, Middle, and
Late) shows a tendency to cluster separately, indicating that vegetation composition differed
across these time periods. Despite the dominance of certain tree taxa being relatively
stable throughout the Holocene, the observed variation in the PCA is primarily driven by
changes in the remaining vegetation. The Middle Holocene cluster is closely associated
with broadleaved trees, while the Late Holocene cluster exhibits positive correlations with
human-influenced, cultivated plants. The PCA does not show distinct correlations with
pine and birch, as these taxa were abundant and dominant throughout the entire Holocene.
PCA shows that there were some assemblage similarities as few samples overlapped
clusters. The Late Holocene, one the other hand, showed a rather distinct gradient, with
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little to no overlap in similarities. According to the PCA results, compositional change
had a distinct trajectory from natural boreal-type vegetation in Early Holocene to a minor
broadleaved admixture in Middle Holocene and natural–human hemiboreal vegetation in
Late Holocene.
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5. Discussion
Our findings suggest that, with the exception of spruce, the composition of dominant

tree species in central Latvia has remained relatively stable throughout the Holocene. In
contemporary Latvian forests, the most prevalent tree species include Scots pine (Pinus
sylvestris), comprising 33%; Norway spruce (Picea abies) at 19%; birch (Betula pubescens
and pendula) at 30%; and black and gray alder (Alnus glutinosa, incana) making up 10%.
Although Picea has been present in Latvia since the Late Glacial [21,42,43], it reached
its highest relative abundance during the Middle and Late Holocene. Picea is one of
the dominant tree species in Eurasia and it has expanded across Northern Europe in a
somewhat asynchronous manner [44]. The spread of spruce in Central Latvia may have
been influenced by interspecific competition with other tree species. It is likely that Picea
competed with Corylus and Tilia, as indicated by the mirrored patterns of increasing and
decreasing percentages between these species (Figure 3). According to Seppä et al. [44],
the decline in Tilia populations during the Middle Holocene was not primarily driven
by climate, but rather by competitive replacement due to overlapping ecological niches
with Picea.

Vegetation changes in the study area were observed (Figure 6), but they were less
significant than expected. During the Middle Holocene, broadleaved trees exhibited limited
maximum distribution ranges and represented only a minor component of the overall
vegetation (Figure 3). This period corresponds with warm and dry climatic conditions, as
well as the peak expansion of broadleaved trees in the Baltic region [19]. In contrast, other
studies examining long-term vegetation changes across different regions in Latvia report
more substantial variations in pollen ratios within sediment records than our findings.
For instance, the study on Lake Kūži [45] shows a rapid and sustained increase in hazel,
alder, lime, and elm populations during the Middle Holocene. Tilia, specifically, has been
present in Latvia since 9500 cal BP [43,45]. Although other studies suggest an earlier and
more pronounced shift in broadleaved tree populations during the Middle Holocene, our
findings indicate only minor variability in broadleaf representation (Figures 3, 6 and 7). A
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key difference between our study and others is the predominant Quaternary sediments
and soil types in the study sites. Previous studies appear to have concentrated on sites
situated in regions with till, clay, and silt sediments [19,44–46], where the soil and geological
conditions are conductive to the growth of broadleaved trees. In contrast, our study site is
located in a sandy region characterized by nutrient-poor soils, which may limit the growth
and competitiveness of broadleaved trees compared to conifers. Sandy, nutrient-poor (xeric)
mineral soils play a crucial role in sustaining specific forest types and associated ecological
processes [47,48]. For instance, Tweiten et al. [48] investigated the influence of soil, climate,
and fire in the pine and oak forests of northern Wisconsin, demonstrating that climate
change impacts vegetation differently depending on soil type.

The low abundance of broadleaved species at Lake Lilaste likely accounts for the
absence of a distinct 8.2 ka cooling event signal, which has been previously identified
in Latvia [19,44] and across Northern Europe [49]. Pollen studies from Northern Europe
indicate that this cooling event may not be as apparent in records with lower ratios of
broadleaved trees, potentially due to local geological and geographical factors [49–51].

Our findings indicate that tree biomass peaked during the Middle Holocene, align-
ing with a period of rising mean air temperatures (Figure 7). Supporting this, Matisons
et al. [52] recently demonstrated that warmer climate conditions in the northeastern Baltic
region enhanced the growth increment in Scots pine, bolstering its competitiveness and
long-term sustainability in the area. A significant decline in tree biomass around Lake
Lilaste was detected during the Late Holocene, coinciding with a period of reduced average
temperatures (Figure 7). The findings demonstrate a clear correlation between dominant
tree biomass and temperature, underscoring the influence of mean air temperature fluctua-
tions on vegetation. This relationship is less apparent in the relative or percentage-based
pollen data derived from Lake Lilaste sediments. Future climate projections indicate a
potential increase in mean temperatures by at least 2 ◦C, suggesting that the region sur-
rounding Lake Lilaste may experience a rapid rise in tree biomass, similar to conditions
during the Middle Holocene. However, caution must be taken when interpreting biomass
reconstructions. Modern pollen calibration to current tree biomass values in Latvia have
shown relatively low correlations [29]. Therefore, further research is needed before drawing
definitive conclusions about tree biomass trends around Lake Lilaste.

Land-use changes are most evident from the emergence of cultivated plant species
during the Late Holocene. The anthropogenic influence around Lake Lilaste has been
studied extensively, encompassing both vegetation changes and the presence of charcoal in
sediment records. Evidence indicates that forest burning and deliberate human activities
in the area date back to around CE 740. The increase in charcoal particles in the sediment
layers aligns with a concurrent decline in pine populations [53,54]. Pollen analysis revealed
cultivated plant species, such as rye and oat, appearing approximately 100 years after the
earliest evidence of fire, suggesting a progressive increase in human impact over time.
However, due to variations in the calibration of chronological data across different studies,
this time lag may not be directly comparable. The findings indicate that the immediate
surroundings of Lake Lilaste were not heavily utilized for agriculture, as evidenced by
the relatively low representation of herbaceous, ruderal, and cultivated plant species in
the local vegetation. Both afforestation and deforestation on sandy soils can have more
pronounced effects than on forests growing on other soils, as they are relatively more
sensitive to biodiversity variability [55,56]. This points to the importance of studying the
sensitivity of sandy soils other than conventional farmland to environmental change, and
of determining whether changes in climate and environmental conditions are relevant in
the context of these areas.
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It is important to acknowledge that modern vegetation patterns are unlikely to be
directly attributed solely to historical climatic conditions, as they have been shaped by a
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range of influencing factors. These factors include the interactions between Lake Lilaste
and various stages of Baltic Sea development, episodes of extreme coastal weather, and the
gradual rise in agriculture accompanied by diverse land management practices [30,31,57].
Consequently, drawing direct parallels between past and present conditions may lead to
inaccuracies. However, the current landscape and forest structure are the outcomes of
millennia of interactions among past climate variations, natural disturbances, and human
activities. Therefore, evaluating historical trends in forest composition and biomass pro-
vides crucial insights into long-term forest dynamics. Integrating this understanding with
interdisciplinary studies and diverse methodological approaches can enhance predictions
of future ecological changes.

While our study shows general vegetation changes, it does not fully support the
assumption that the composition of dominant trees will shift with climate change. In
contrast, Dyderski et al. [18] quantified the projected range changes and threat levels of
12 European forest tree species by 2061–2080, considering three climate change scenarios.
Their findings suggest that pine, spruce, and birch will be significantly affected by a
warming climate. However, in the area around Lake Lilaste, pine trees have dominated
throughout the Holocene, with no notable deviations in the composition of the dominant
taxa. This may be due to pine’s adaptation to grow on mineral-poor, sandy soils, whereas
on richer soils, spruce and broadleaf species compete with pine [58]. The sandy soil along
the Lake Lilaste shoreline provides ideal conditions for extensive pine populations, and
their dominance is likely to persist under future warmer climatic conditions.

6. Conclusions
(1) The composition of dominant tree species in Central Latvia has remained relatively

stable through the Holocene. This stability is attributed to the ecological adaptability
of pine, birch, and alder to the sandy, nutrient-poor soils prevalent in the region.

(2) Despite warmer and drier conditions during the Middle Holocene, which favored the
expansion of broadleaved trees across the Baltic region, their presence around Lake
Lilaste remained limited. This reflects the restrictive nature of local geological and
soil conditions on broadleaf growth and competition.

(3) While climate change may affect tree species, the dominant presence of pine, birch,
and alder around Lake Lilaste is likely to continue due to its adaptation to the local
soil conditions. This highlights the importance of considering site-specific ecological
and geological factors when assessing future vegetation responses to climate change.
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24. Stancikaite, M.; Zernitskaya, V.; Kluczyńska, G.; Valunas, D.; Gedminiene, L.; Uogintas, D.; Skuratovic, Z.; Vlasov, B.; Gasteviciene,

N.; Ezerinskis, Z.; et al. The Lateglacial and Early Holocene vegetation dynamics: New multi-proxy data from the central Belarus.
Quat. Int. 2022, 630, 121–136. [CrossRef]

https://doi.org/10.1126/science.aaa9092
https://www.ncbi.nlm.nih.gov/pubmed/26293953
https://doi.org/10.3390/land12101836
https://doi.org/10.1038/s43247-024-01324-8
https://doi.org/10.1038/s41467-021-24544-4
https://doi.org/10.1016/j.scitotenv.2024.174289
https://unstats.un.org/sdgs/report/2019/The-Sustainable-Development-Goals-Report-2019.pdf
https://unstats.un.org/sdgs/report/2019/The-Sustainable-Development-Goals-Report-2019.pdf
https://data.stat.gov.lv/pxweb/lv/OSP_PUB/START__NOZ__ME__MEP/MEM020/table/tableViewLayout1/
https://data.stat.gov.lv/pxweb/lv/OSP_PUB/START__NOZ__ME__MEP/MEM020/table/tableViewLayout1/
https://www.lvm.lv/images/lvm/sabiedribai/meza_apsaimniekosana/MAP/KOPEJIE/meza_apsaimniekosanas_plana-publiska-dala.pdf
https://www.lvm.lv/images/lvm/sabiedribai/meza_apsaimniekosana/MAP/KOPEJIE/meza_apsaimniekosanas_plana-publiska-dala.pdf
https://doi.org/10.1016/j.foreco.2022.120097
https://doi.org/10.1111/j.1365-2486.2006.01193.x
https://doi.org/10.1029/2018JG004443
https://doi.org/10.5194/essd-13-4621-2021
https://www.ipcc.ch/srccl/
https://doi.org/10.1016/j.scitotenv.2024.177187
https://doi.org/10.1016/j.jenvman.2014.07.030
https://www.ncbi.nlm.nih.gov/pubmed/25156267
https://doi.org/10.1038/s41598-017-14353-5
https://www.ncbi.nlm.nih.gov/pubmed/29127307
https://doi.org/10.1038/s41559-024-02406-8
https://doi.org/10.1111/gcb.13925
https://www.ncbi.nlm.nih.gov/pubmed/28991410
https://doi.org/10.1111/j.1502-3885.2010.00164.x
https://doi.org/10.1002/jqs.1254
https://doi.org/10.1016/j.quaint.2015.02.031
https://doi.org/10.1111/jvs.12300
https://doi.org/10.1016/j.quaint.2021.05.004


Quaternary 2025, 8, 2 13 of 14

25. Marquer, L.; Gaillard, M.J.; Sugita, S.; Trondman, A.K.; Mazier, F.; Nielsen, A.B.; Seppä, H. Holocene changes in vegetation
composition in northern Europe: Why quantitative pollen-based vegetation reconstructions matter. Quat. Sci. Rev. 2014, 90,
199–216. [CrossRef]

26. Odgaard, B.V. Fossil pollen as a record of past biodiversity. J. Biogeogr. 1999, 26, 7–17. [CrossRef]
27. Izdebski, A.; Guzowski, P.; Poniat, R.; Masci, L.; Palli, J.; Vignola, C.; Masi, A. Palaeoecological data indicates land-use changes

across Europe linked to spatial heterogeneity in mortality during the Black Death pandemic. Nat. Ecol. Evol. 2022, 6, 297–306.
[CrossRef] [PubMed]

28. Sugita, S. Theory of quantitative reconstruction of vegetation. II. All you need is LOVE. Holocene 2007, 17, 243–257. [CrossRef]
29. Stivrins, N.; Briede, A.; Steinberga, D.; Jasiunas, N.; Jeskins, J.; Kalnina, L.; Trasune, L. Natural and Human-Transformed

Vegetation and Landscape Reflected by Modern Pollen Data in the Boreonemoral Zone of Northeastern Europe. Forests 2021, 12,
1166. [CrossRef]

30. Grudzinska, I.; Vassiljev, J.; Saarse, L.; Reitalu, T.; Veski, S. Past environmental change and seawater intrusion into coastal Lake
Lilaste, Latvia. J. Paleolimnol. 2017, 57, 257–271. [CrossRef]

31. Kalinska, E.; Stivrins, N.; Grudzinska, I. Quartz grains reveal sedimentary palaeoenvironmemt and past storm events: A case
study from eastern Baltic. Estuar. Coast. Shelf Sci. 2018, 200, 359–370. [CrossRef]

32. Reimer, P.J.; Austin, W.E.N.; Bard, E.; Bayliss, A.; Blackwell, P.G.; Bronk Ramsey, C.; Butzin, M.; Cheng, H.; Edwards, R.L.;
Friedrich, M.; et al. The IntCal20 Northern hemisphere radiocarbon age calibration curve (0–55 cal kBP). Radiocarbon 2020, 62,
725–757. [CrossRef]

33. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2014. Available online: http://www.R-project.org/ (accessed on 12 October 2024).

34. Blaauw, M. Methods and code for ‘classical’ age-modelling of radiocarbon sequences. Quat. Geochronol. 2010, 5, 512–518.
[CrossRef]

35. Stockmarr, J. Tablets with spores used in absolute pollen analysis. Pollen Spores 1971, 13, 615–621.
36. Bennett, K.D.; Willis, K.J. Pollen. In Terrestrial, Algal, and Siliceous Indicators. Tracking Environmental Change Using Lake Sediments;

Smol, J.P., Birks, H.J.B., Eds.; Kluwer Academic Publishers: Norwell, MA, USA, 2001; Volume 3, pp. 5–32.
37. Berglund, B.E.; Ralska-Jasiewiczowa, M. Pollen Analysis and pollen diagrams. In Handbook of Holocene Palaeoecology and

Palaeohydrology; Berglund, B.E., Ed.; Wiley: Hoboken, NJ, USA, 1986; pp. 455–484.
38. Seppä, H.; Alenius, T.; Muukkonen, P.; Giesecke, T.; Miller, P.A.; Ojala, A.E.K. Calibrated pollen accumulation rates as a basis for

quantitative tree biomass reconstructions. Holocene 2009, 19, 209–220. [CrossRef]
39. Hammer, Ø.; Harper, D.A.T.; Ryan, P.D. PAST: Paleontological statistics software package for education and data analysis.

Palaeontol. Electron. 2001, 4, 1.
40. Box, G.E.P.; Cox, D.R. An analysis of transformations. J. R. Stat. Soc. Ser. B 1964, 26, 211–252. [CrossRef]
41. Walker, M.; Gibbard, P.; Head, M.J.; Berkelhammer, M.; Bjorck, S.; Cheng, H.; Cwynar, L.C.; Fisher, D.; Gkinis, V.; Long, A.; et al.

Formal subdivision of the Holocene series/epoch: A summary. J. Geol. Soc. India 2019, 93, 135–141. [CrossRef]
42. Amon, L.; Veski, S.; Vassiljev, J. Tree taxa immigration to the eastern Baltic region, southeastern sector of Scandinavian glaciation

during the Late-glacial period (14,500–11,700 cal. B.P.). Veg. Hist. Archaeobotany 2014, 23, 207–216. [CrossRef]
43. Stivrins, N.; Kalnina, L.; Veski, S.; Zeimule, S. Local and regional Holocene vegetation dynamics at two sites in eastern Latvia.

Boreal Environ. Res. 2014, 19, 310–322.
44. Seppa, H.; Alenius, T.; Bradshaw, R.H.W.; Giesecke, T.; Heikkila, M.; Muukkonen, P. Invasion of Norway spruce (Picea abies) and

the rise of the boreal ecosystem in Fennoscandia. J. Ecol. 2009, 97, 629–640. [CrossRef]
45. Kangur, M.; Koff, T.; Punning, J.M.; Vainu, M.; Vandel, E. Lithology and biostratigraphy of the Holocene succession of Lake Kuzi,

Vidzeme Heights (Central Latvia). Geol. Q. 2009, 54, 199–208.
46. Stivrins, N.; Kolaczek, P.; Reitalu, T.; Seppa, H.; Veski, S. Phytoplankton response to the environmental and climatic variability in

a temperate lake over the last 14,500 years in eastern Latvia. J. Paleolimnol. 2015, 54, 103–119. [CrossRef]
47. Lindberg, H.; Aakala, T.; Vanha-Majamaa, I. Moisture content variation of ground vegetation fuels in boreal mesic and sub-xeric

mineral soil forests in Finland. Int. J. Wildland Fire 2021, 30, 283–293. [CrossRef]
48. Tweeted, M.A.; Calcite, R.R.; Lynch, E.A.; Hotchkiss, S.C.; Schuurman, G.W. Geophysical features influence the climate change

sensitivity of northern Wisconsin pine and oak forests. Ecol. Appl. 2015, 25, 1984–1996.
49. Seppä, H.; Bjune, A.E.; Telford, R.J.; Birks, H.J.B.; Veski, S. Last nine-thousand years of temperature variability in Northern Europe.

Clim. Past 2009, 5, 523–535. [CrossRef]
50. Väliranta, M.; Salonen, J.S.; Heikkilä, M.; Amon, L.; Helmens, K.; Klimaschewski, A.; Birks, H.H. Plant macrofossil evidence for

an early onset of the Holocene summer thermal maximum in northernmost Europe. Nat. Commun. 2015, 6, 6809. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.quascirev.2014.02.013
https://doi.org/10.1046/j.1365-2699.1999.00280.x
https://doi.org/10.1038/s41559-021-01652-4
https://www.ncbi.nlm.nih.gov/pubmed/35145268
https://doi.org/10.1177/0959683607075838
https://doi.org/10.3390/f12091166
https://doi.org/10.1007/s10933-017-9945-3
https://doi.org/10.1016/j.ecss.2017.11.027
https://doi.org/10.1017/RDC.2020.41
http://www.R-project.org/
https://doi.org/10.1016/j.quageo.2010.01.002
https://doi.org/10.1177/0959683608100565
https://doi.org/10.1111/j.2517-6161.1964.tb00553.x
https://doi.org/10.1007/s12594-019-1141-9
https://doi.org/10.1007/s00334-014-0442-6
https://doi.org/10.1111/j.1365-2745.2009.01505.x
https://doi.org/10.1007/s10933-015-9840-8
https://doi.org/10.1071/WF20085
https://doi.org/10.5194/cp-5-523-2009
https://doi.org/10.1038/ncomms7809
https://www.ncbi.nlm.nih.gov/pubmed/25858780


Quaternary 2025, 8, 2 14 of 14

51. Salonen, J.S.; Helmens, K.F.; Seppä, H.; Birks, H.J.B. Pollen-based palaeoclimate reconstructions over long glacial–interglacial
timescales: Methodological tests based on the Holocene and MIS 5d–c deposits at Sokli, northern Finland. J. Quat. Sci. 2013, 28,
271–282. [CrossRef]

52. Matisons, R.; Metslaid, S.; Hordo, M.; Kask, R.; Kangur, A.; Salminen, H.; Jansons, A. Direct and carry-over effects of temperature
drive height increment of Scots pine in the North-Eastern Baltic Sea region. Forests 2023, 14, 791. [CrossRef]

53. Stivrins, N.; Donin, a, I.; Auns, M.; Blaus, A.; Liiv, M.; Steinberga, D.; Grudzinska, I. Anthropogenic impact on a seacoast landscape
during the last 1300 years in central Latvia, Northeastern Europe. Geoarchaeology 2023, 38, 466–481. [CrossRef]
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