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Abstract: Trapa natans (water chestnut) is an aquatic, thermophilic plant whose decline has been observed in many localities in central 
Europe during the last decades. In this paper, we present a description of two new T. natans subfossil sites located outside its present 
northern distribution in Poland. High-resolution analysis of plant macrofossils supported by geochemical analysis were undertaken to 
reconstruct the palaeoecological habitat and examine the cause of the late Holocene decline of T. natans that took place ca. 4000 calibrated 
years before AD 1950 (cal. yr BP) in a paleolake, presently the Bagno Kusowo bog. Its disappearance was a consequence of terrestrialisation 
and the development of peatland. In paleolake sediments covered by the peat layer in the Mechacz Wielki bog, T. natans macrofossils 
were found from before ca. 3300 cal. yr BP. The decline of T. natans could have resulted from the changes and development of other plant 
communities where the dominant role was played by Stratiotes aloides and Nymphaea sp. In our study sites, T. natans occurred together with 
Potamogeton crispus, Potamogeton obtusifolius, Nymphaea alba, and Nuphar sp. in eutrophic water dominated by Ca2+, Fe3+, and Al3+ ions. 
Our palaeobotanical and geochemical results align with the contemporary conditions of T. natans habitat.
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Introduction

Over the last several thousand years, many aquatic 
plants have changed their range of distribution in Europe 
due to climate change and human activity, e.g., the in-
flow of pollutants into water reservoirs causing changes 
in the water quality and eutrophication (Piórecki 1980; 
Bradshaw and McNeilly 1991; Zając and Zając 2001; 
Nienhuis et al. 2002; Berglund et al. 2008; Yang 2008; 
Martín-Closas 2013; Väliranta et al. 2015; Marquer et al. 
2017). Moreover, for several centuries, with the increase 
in human migration and the development of commu-
nication routes, the number of invasive alien aquatic 
plant species such as, Elodea canadensis, has increased 
in European freshwater ecosystems, with an ecological 
and economic impact (Hussner et al. 2017). Autogenous 
processes such as natural succession and competition 
among plants are also important factors in aquatic eco-
systems (Zetter and Ferguson 2001; Kamiński 2012). All 
these factors contribute to a decreasing natural macro-

phyte community and a withdrawal of rare and valuable 
aquatic species (Zetter and Ferguson 2001; Kamiński 
2012; Hussner et al. 2017). In many cases, changes in the 
plant communities are so advanced that it is difficult to 
determine what is native for some ecosystems. For this 
reason, it is important to know the time of the appear-
ance and disappearance of various plants and the impact 
of autogenous and allogeneic factors that have triggered 
changes in aquatic ecosystems. Palaeoecological stud-
ies and many methods used in this research, e.g., plant 
macrofossils, pollen and geochemical analysis, provide 
an overview of plant cover changes and their migration 
routes, and they help determine past environmental con-
ditions (Lang 1994; Davidson et al. 2005; Normand et al. 
2011; Martín-Closas 2013; Gałka et al. 2014; Kołaczek et 
al. 2017). Apart from this approach, detailed studies of 
accumulated lake deposits are important sources of pro-
fessional knowledge that can be applied during manage-
ment and environmental protection and restoration of 
highly changed and damaged aquatic ecosystems (Tor-
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nadore et al. 2000; Baldantoni et al. 2004; Staniszewski 
and Zielnica 2006; Herbichowa et al. 2007; Smieja and 
Ledwoń 2013; Petrović et al. 2016; Ławicki et al. 2017).

At present, many rare aquatic species are endangered 
or declining and are protected by law. One of these plants 
is Trapa natans L. (water chestnut), for which a decline 
has been recorded over several decades in Northern and 
Central Europe (Kaźmierczakowa and Zarzycki 2001; 
Džigurski et al. 2012). T. natans is an aquatic plant that 
is considered a thermophilic species, and its distribution 
area in the past was much larger (Zetter and Ferguson 
2001; Piękoś-Mirkowa and Mirek 2003; Olszewski and 
Markowski 2014; Bryl et al. 2016). In palaeoecological 
reconstructions T. natans plays an important role as an 
indicator of warmer climatic stages because its fossil 
presence (nut remains and pollen) is usually recorded 
during the Holocene Climate Optimum (ca. 9000–5000 
cal. yr BP) in Europe (Samuelson 1934; Szafer 1954; 
Godwin 1975; Flenley et al. 1975; Lang 1994; Korhola 
and Tikkanen 1997; Magyari et al. 2008; Miotk-Szpi-

ganowicz and Gałka 2009). Presently, T. natans occurs 
in southern, central and eastern Europe, and its range 
in the north covers northern France and stretches to 
57°N in Central Russia (Fig. 1) (Zając and Zając 2001; 
Olszewski and Markowski 2014). In Poland, T. natans 
is found in the upper and central stretches of the Vis-
tula, Oder and San rivers (Piękoś-Mirkowa and Mirek 
2003; Jakubowska and Kazuń 2005; Krechowski et al. 
2009; Bryl et al. 2016). In the XIX and XX centuries, the 
northern limit of distribution of T. natans moved signif-
icantly south in Poland (Piórecki 1980). It is estimated 
that approximately 180 plant sites disappeared during 
this period (Piękoś-Mirkowa and Mirek 2003).

T. natans belongs to the Trapaceae family. It is an 
annual aquatic plant, rooted at the bottom of a water 
body, with leaves floating over the surface (Piórecki 
1980; Zetter and Ferguson 2001; Krechowski et al. 
2009). The plant predominantly grows in shallow, eu-
trophic water bodies as well as in stagnant and slow-
moving water, usually 120–200 cm deep, with clay-silt 
or mud bottoms, neutral or slightly alkaline pH, and 
significant nitrogen content (Kłosowski and Tomasze-
wicz 1996). T. natans is a photophilic and thermophilic 
species (Piórecki 1980; Kostrakiewicz and Kozak 2009). 
Because of their high nutrient content, T. natans nuts 
have been used as food by both humans and animals for 
centuries (Kuneś et al. 2008; Łuczaj 2008; Karg 2013). In 
folk medicine, it is considered a medicinal plant (Arima 
et al. 1999; Ali and Javed 2014; Bharthi et al. 2015).

It is typical for T. natans to form monospecies com-
munities. It can also be found with other plants, e.g., 
Potamogeton sp., Ceratophyllum spp., Myriophyllum 
spicatum, Nuphar lutea, Nymphaea alba, Salvinia na-
tans, Spirodela polyrhiza, and Lemna sp. These plants 
develop rapidly in shallow water and compete with T. 
natans, pushing them into deeper water unfavourable 
for development above 200 cm (Zetter and Ferguson 
2001). However, in smaller and shallower reservoirs, T. 
natans may become the dominant plant (Piórecki 1980; 
Perzanowska 2012).

In this paper we present the results of high-resolu-
tion, contiguous plant macrofossil analysis of four cores 
and geochemical analysis of three cores taken from 
paleolakes located in northern Poland with the follow-
ing aims: (i) to determine the age and reasons for the 
decline of T. natans; and (ii) to reconstruct the palaeo-
ecological habitat of T. natans.

Material and methods

Coring and subsampling, chronology of the core
Coring and sampling were undertaken in 2011 us-

ing a Russian peat corer (Instorf type), with a 7 cm di-
ameter and 100 cm length. The sediments including 

Fig. 1. Setting of the study site and the location of palaeoecological 
and contemporary records of T. natans presence mentioned in the 
text: BK – Bagno Kusowo (Poland), MW – Mechacz Wielki (Po-
land). Location of the sites mentioned in the text: 1 – Pyysuo Lake 
(Finland), 2 – Burtnieks Lake (Latvia), 3 – Federsee Lake (Germa-
ny), 4 – Molino Casarotto (Italy), 5 – plain Bereg (Hungary), 6 – 
Szumirad Lake (Poland), 7 – Opatkowickie Lake (Poland)
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peat and gyttja layers were placed in PVC tubes and 
wrapped in plastic foil. In the laboratory, the sediment 
was unpacked, cleaned and sliced into 1 cm slices using 
a scalpel. The core chronology was based on AMS (ac-
celerator mass spectrometry). Radiocarbon dating was 
carried out at the Poznan Radiocarbon Laboratory. The 
calibration of the radiocarbon dates and the construc-
tion of the age-depth models was performed with Ox-
Cal 4.1 software (Bronk-Ramsey 2009) and the IntCal13 
curve (Reimer et al. 2013). Five samples from four cores 
were used to determine the time of deposit accumula-
tion (Lamentowicz et al. 2015; Gałka et al. 2017).

In this paper, we present the results of the analysis of 
the bottom parts of the cores covering lake deposits. The 
tests of cores in MW were investigated at a depth of 470 
cm to 600 cm and in BK at a depth of 790–900 cm. The 
results of the detailed multi-proxy palaeoecological stud-
ies covering the entire peat layer sand sequence and most 
of the upper part of the lake sediments in MW as well as 
the peat layers in BK, have already been published: MW 
(Gałka et al. 2017) and BK (Lamentowicz et al. 2015).

Study sites
The studied paleolakes are located in northern Po-

land where the Mechacz Wielki (MW) and Bagno Ku-
sowo (BK) Baltic raised bogs are presently developed 
(Fig. 1).

The MW bog is situated in north-eastern Poland in 
the Romnicka Forest (54°19'57"N; 22°26'46"E) (Fig. 1). 
This bog is situated in a basin with a surface area of 174 
ha and is dewatered through a small river, the Czarna 
Struga. The eastern part of the peat bog is frequently 
flooded by water from the upper regions and the catch-
ment. The central part is characterized by lower fertility 
and higher acidification (Żurek and Kloss 2012).

The present-day vegetation covering the peat bog 
has varied character. The central part (markedly up-
lifted) is characterized by lower nutrient concentration 
habitat overgrown with dwarf pine. Communities of 
Sphagnum magellanicum, S. rubellum and S. fuscum pre-
dominate in the peat bog. Empetrum nigrum and Rubus 
chamaemorus occur less frequently, and in the hollows, 
S. cuspidatum and S. balticum (Gałka et al. 2017).

During summer, the temperature system is influ-
enced by the proximity of the Baltic Sea (average July 

temperature of 16–17°C). In winter, the influence of the 
continental system (meaning January –5°C) is notice-
able in MW. The average annual temperature is +6.4°C. 
The vegetation period is 190 days, and annual rainfall 
reaches 700 mm. The winters are relatively long and 
frosty (Woś 1993).

The Baltic raised bog BK, located in north-central 
Poland (53°48'41"N; 16°34'59"E) (Fig. 1), is part of the 
Bagno Kusowo nature reserve. Sphagnum spp. and 
Eriophorum vaginatum play a dominant role (Lamen-
towicz et al. 2015). On the edge of the raised bog there 
is a swampy pine forest of Vaccinio uliginosi-Pinetum 
(Ciaciura and Wilhelm 2005).

The BK bog lies at the intersection of the Atlantic 
and continental climates. The climate is characterized 
by a relatively cool summer (average temperature in 
July 17–18°C) and a rather mild winter (average tem-
perature in January 0–2°C) (Kondracki 2009; Cedro 
and Sotek 2016). The climatic conditions are temperate 
and mostly conditioned by the influence of polar and 
polar-continental air masses (Woś 1993).

The average annual air temperature is approximately 
+8°C. The growing season is approximately 200 days, 
and rainfall reaches 700 mm.

Palaeoecological analysis
Plant macrofossils were analysed for 1 cm intervals 

in contiguous samples in four cores. The number of 
macroremains was calculated on the basis of the same 
sample volume, which was 25 cm3. The samples were 
rinsed under a warm-water current over 0.20 mesh 
screens. The vascular plant composition was deter-
mined on the basis of carpological remains and veg-
etative fragments (leaves, rootlets, epidermis) using 
the available identification keys (Tobolski 2000; Veli-
chkevich and Zastawniak 2006, 2008). The macrofos-
sils were identified with a Nikon SMA 800 stereoscopic 
microscope under 10-200A and an Olympus CX 41 
light microscope. A total of 197 samples were analysed. 
The names of the plant species were adopted following 
Mirek et al. (2002).

Geochemical analysis
For the determination of selected elements, a 5110 

ICP-OES (Agilent, USA) inductively coupled plasma 

Table 1. Radiocarbon dates from Mechacz Wielki (MW) and Bagno Kusowo (BK) bogs (after Lamentowicz et al. 2015; Gałka et al. 2017)
Depth

Material Laboratory Nr. AMS date
Age

[cm] [cal. yr BP]
MWI 518 10 fruits of Carex pseudocyperus, 2 fruits of Betula pubescens Poz-44490 1875 ± 35 BP 1885–1720
MWII 475 5 fruits of Carex rostrata, 1 fruit of Carex pseudocyperus, 2 fruits of Betula 

pubescens, 1 fruits of Sparganium
Poz-44491 2005 ± 30 BP 2038–1883

MWII 571 Picea abies seed wing’s and periderm Poz-52364 3125 ± 35 BP 3443–3238
BKI 795 25 fruits of Carex rostrate Poz-44492 3665 ± 35 BP 4090–3891
BKII 795 Sphagnum stems Poz-48361 3010 ± 30 BP 3335–3077
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with optical emission spectrometry was used. For mul-
ti-elemental determination, the common conditions 
were as follows: radio frequency (RF) power, 1.2 kW, 
nebulizer gas flow, 0.7 L min–1, auxiliary gas flow, 1.0 
L min–1, plasma gas flow, 12.0 L min–1, viewing height 
for radial plasma observation, 8 mm, detector CCD 
(charge coupled device) temperature, –40°C, and signal 
acquisition time, 5 s for 3 replicates. The detection limits 
were 0.01 mg kg–1 dry weight (DW) for all elements (as 
3-sigma criteria). The uncertainty for the total analyti-
cal procedure (including sample preparation) was 20%. 
The traceability was checked using reference materi-
als: CRM S-1–loess soil; CRM NCSDC (73349)–bush 
branches and leaves; CRM 2709–soil; CRM 405-estua-
rine sediments; and CRM 667-estuarine sediments. The 
recovery (80–120%) was acceptable for most elements. 
For uncertified elements, recovery with the standard 
addition method was defined.

Plant macrofossils and geochemical data are pre-
sented in diagrams and plotted using C2 software (Jug-
gins 2003).

Results

Lithology and chronology
Fine detritus olive gyttja was analysed in cores MW 

I, MW II and BK I. The core BK II lake sediment con-
sisted of fine detritus olive gyttja at a depth of 800.5–
809.5 cm and fine detritus brown gyttja at 809.5–849.5 
cm. Olive gyttja with visible T. natans chestnuts oc-
curred at 819.5 cm, 828.5 cm and 838.5 cm.

Based on the radiocarbon dates and the age-depth 
model, the analysed sediments containing T. natans 
macrofossils accumulated before ca. 3440–3240 cal. yr 
BP for MW and 4090–3890 cal. yr BP for BK.

Macrofossil analysis
1. Mechacz Wielki

Two zones of local vegetation development at MW 
I (Fig. 2A) and four zones at MW II were visually de-
limited (Fig. 2B). The core of MW I was analysed for T. 
natans macroremains (comparison of species of plants 
MW I with plants in MW II core). In the MW I core, T. 
natans remains were not recorded.

In zone MWI-ma-1 (599.5–586.5 cm), Nitella sp. 
oospores occurred most numerously and the individual 
remains of Nuphar sp. seeds.

The zone MWI-ma-2 (586.5–550.5 cm) was charac-
terized by dominant aquatic plants, e.g., Potamogeton 
natans and Nymphaea alba, at a depth from 582.5 to 
551.5 cm. At the depth of 576.5–550.5 cm, the remains 
of trees Alnus glutinosa, Populus tremula, Betula pube-
scens (maximum of amount), Pinus sylvestris and Picea 
abies were also found.

In zone MWII-ma-1 (600–587.5 cm), macroremains 
of aquatic plants e.g. T. natans, Stratiotes aloides, Nitella 
sp., Potamogeton obtusifolius and Nymphaea candida 
were recorded.

In zone MWII-ma-2 (587.5–550.5 cm), the domi-
nant aquatic plants were Nitella sp., Nymphaea sp., and 
Stratiotes aloides also occurred.

The third zone MWII-ma-3 (550.5–485 cm) was 
characterized by the lack of T. natans and abundant spe-
cies of aquatic plants: Nuphar sp., Cicuta virosa, Nym-
phaea candida and Potamogeton natans (numerous).

In zone MWII-ma-4 (485–470 cm), there was a 
lack of T. natans remains and the presence of Comar-
um palustre, Calliergon cordifolium (numerous), Carex 
pseudocyperus, Carex rostrata (numerous), Sparganium 
minimum and Scheuchzeria palustris. The remains of 
trees were found all over the analysed gyttja sequence: 
Pinus sylvestris, Picea abies and Betula pubescens.

2. Bagno Kusowo
Three zones at BK I (Fig. 3A) and two zones at BK II 

(Fig. 3B) in local vegetation development were visually 
delimited.

In the first zone, BKI-ma-1 (899.5–837.5 cm), aquat-
ic plants such as T. natans, Nuphar sp., Nymphaea alba, 
Potamogeton crispus, Myriophyllum spicatum, Cerato-
phyllum demersum, and Nuphar lutea were recorded.

The second zone, BKI-ma-2 (837.5–802.5 cm), was 
characterized by an abundance of T. natans and single 
seeds of Nymphaea alba.

In zone BKI-ma-3 (802.5–790.5 cm), macrofossils of 
Carex pseudocyperus (numerous), Eleocharis palustris, 
Bidens tripartita, Scheuchzeria palustris, Carex rostrata, 
and Cicuta virosa were documented.

In the first zone, BKII-ma-1 (850–808.5 cm), T. na-
tans was the dominant species. Twenty pieces of chest-
nuts and 66 pieces of harpoons were found (Fig. 3B). 
At the same depth, single remains of Nymphaea alba, 
Nuphar pumila and Nuphar sp. were identified.

In zone BKII-ma-2 (808.5–795 cm), T. natans and 
other aquatic plants disappeared. At a depth of 804.5 
cm, the remains of Andromeda polifolia seeds were 
found. The remains of the trees occurred throughout 
the entire core, most numerous was Pinus sylvestris.

Geochemical analyses
1. Mechacz Wielki

Five zones at MW I were visually delimited for pre-
sent chemical elements (Fig. 4).

In zone MWI-gm-1 (600–577.5 cm), the dominance 
of Ca2+ (14010 mg kg–1), Fe3+ (8516 mg kg–1) and Al3+ 
(2074 mg kg–1) was recorded. Other elements had low 
and medium values. The depth (585.5–551.5 cm) con-
siderably elevated Ca2+ concentrations (13289 mg kg–1), 
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Fig. 2. Plant macrofossil diagrams from Mechacz Wielki bog
A – core MW I, and B – core MW II. Taxa with (%) are given in estimated volume percentages, others are given in counted numbers (X-axis scale labels; note 
scale differences)
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Fig. 3. Plant macrofossil diagrams from Bagno Kusowo bog
A – core BK I, and B – core BK II. Taxa with (%) are given in estimated volume percentages, others are given in counted numbers (X-axis scale labels; note 
scale differences)
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very high Fe3+ (7773 mg kg–1) and Al3+ (2228 mg kg–1) 
levels, and fairly high values of other elements.

The zone MWI-gm-2 (577.5.5–572.5 cm) had the 
lowest concentrations, including a layer in which Ca2+, 
and Al3+ were not recorded, and the remaining were 
only trace elements.

In zone MWI-gm-3 (572.5–557.5 cm), the elements 
w arranged in layers. At a depth of 570.5 cm, they 
reached the highest concentration values: Ca2+ (13201 
mg kg–1), Fe3+ (6451 mg kg–1), and Al3+ (1373 mg  kg–1). 
Slightly lower values were found at 560.5 cm: Ca2+ 

(12921 mg kg–1), Al3+ (2835 mg kg–1), and Fe3+ (2385 
mg kg–1). The highest Mg2+ (1982 mg kg–1) and K+ (486 
mg kg–1) levels in the entire core were noted.

Zone MWI-gm-4 (557.5–552.5 cm) was a layer with 
lower concentration values: Ca2+ (8010 mg kg–1), Fe3+ 
3101 (mg kg–1), a sharp decline of Al3+ (918 mg kg–1), 
and the lowest Mg2+ level in the entire core (847 mg kg–1).

Zone MWI-gm-5 (552.5–550 cm) was dominated 
by Ca2+ (9642 mg kg–1), Fe3+ (8002 mg kg–1) and Al3+ 
(2147 mg kg–1). Attention was drawn to a high concen-
tration of Pb2+ (1075 mg kg–1). This layer was charac-
terized by periodic increases in most elements. Their 
highest concentration values were recorded at depths of 
550.5 cm and 560.5 cm.

It follows that the dominant roles in MW I sedi-
ments at all levels were played by Ca2+, Fe3+ and Al3+. In 
the vertical arrangement, Ca2+ was 52.42% of all the ele-
ments contained in the sediment, followed by the oth-
ers: Fe3+, 25.42%; Al3+, 7.89%; Mg2+, 6.298%; Pb2+, 1.8%; 
Ba2+, 1.58%; K+, 1.28%; Zn2+, 1.25%; Mn2+, 1.05%; and 
the remaining elements < 1.00%.

2. Bagno Kusowo
Geochemical analysis for BK I sediments was per-

formed for 21 chemical elements. Four zones at BK I 
and BK II were visually delimited for elements present 
(Figs 5A and 5B).

In the first zone, BKI-gm-1 (899.5–885.5 cm), the 
chemical concentrations in the upper part were low, 
but in the bottom, these values increased significantly. 
Ca2+ (7370 mg kg–1), Al3+ (5170 mg kg–1) and Fe3+ (2699 
mg kg–1) predominated. There was also increased Mg2+ 
(1827 mg kg–1) and Mn2+ (144 mg kg–1) (Fig. 5A).

Zone BKI-gm-2 (885.5–875.5 cm) was character-
ized by the dominance of Ca2+ (7991 mg kg–1), Fe3+ 
(7151mg kg−1) and Al3+ (2734 mg kg–1). The concentra-
tion of other elements was low.

In zone BKI-gm-3 (875.5–865.5 cm), the concentra-
tions of all elements were clearly increased in the mid-
dle part of the layer, dominated by Ca2+ (8813 mg kg–1), 
Al3+ (4913 mg kg–1) and Fe3+ (3586 mg kg–1).

In zone BKI-gm-4 (865.5–851.5 cm), very high 
concentrations of Ca2+ (12250 mg kg–1), Fe3+ (6602 mg 

kg–1), Pb2+ (605 mg kg–1), Si4+ (273 mg kg–1) and Na+ 

(153 mg kg–1) were recorded at a depth of 860.5 cm. In 
the upper layer, Ca2+ (9205 mg kg–1) and Al3+ (3024 mg 
kg–1) predominated. There was a clear reduction in Fe3+ 
concentration (1540 mg kg–1), with relatively high Pb2+ 
(764 mg kg–1) and Mn2+ (149 mg kg–1) levels.

Based on our results, the dominant elements in the 
BK I sediments at all levels were Ca2+, Fe3+ and Al3+. In 
the vertical arrangement, Ca2+ represents 44.05% of the 
composition, followed by all the elements contained in 
the sediment: Fe3+, 19.84%; Al3+, 14.04%; Nb5+, 6.44%; 
Mg2+, 6.14%; K+, 2.73%; Pb2+, 2.15%; Ba2+, 1.57%; Si4+, 
1.01%; and the remaining elements < 1.00%.

In zone BKII-gm-1 (850–835 cm), all the elements 
reached very high concentrations, especially Ca2+ (6768 
mg kg–1), Fe3+ (5262 mg kg–1), and Al3+ (2096 mg kg–1), 
as well as Nb5+ (1120 mg kg–1) and Mg2+ (950 mg kg–1) 
(Fig. 5B).

In zone BKII-gm-2 (835–815 cm) in the lower layer, 
the elements did not reach high concentrations: Ca2+ 
(3961 mg kg–1), Fe3+ (1947 mg kg–1), and Al3+ (1231 mg 
kg–1). In the upper layer at a depth of 820 cm, we found 
Ca2+ (4564 mg kg–1), Fe3+ (2714 mg kg–1), and Al3+ (1674 
mg kg–1). An increased Nb5+ (1025 mg kg–1) concentra-
tion was noteworthy.

In zone BKII-gm-3 (815–808.5 cm), the elements 
had small concentration values: Ca2+ (3591 mg kg–1), 
Fe3+ (1581 mg kg–1), and Al3+ (912 mg kg–1). T. natans 
harpoons were found in this layer.

The fourth zone BKII-gm-4 (808.5–785.5 cm) was 
characterized by the highest Ca2+ concentration. In the 
bottom part, Ca2+ (8152 mg kg–1), Fe3+ (3333 mg kg–1) 
and Mg2+ (848 mg kg–1) prevailed. The ceiling was dom-
inated by Ca2+ (13622 mg kg–1), Fe3+ (3142 mg kg–1), and 
Mg2+ (986 mg kg–1), with a relatively high Pb2+ (615 mg 
kg–1) level. Other elements occurred in small amounts 
in this zone.

This result indicates a dominant role in the BK II 
sediments (similarly to BK I) at all levels for Ca2+, Fe3+ 
and Al3+ in the vertical system. Ca2+ represented 48.85% 
of all chemical elements in the sediments, followed by 
the others: Fe3+, 21.60%; Al3+, 9.23%; Ba2+, 1.93%; K+, 
1.88%; Pb2+, 1.81%; Si4+, 1.56%; Mg2+, 1.03% and the re-
maining elements < 1.00%.

Discussion

Reasons for the disappearance of Trapa natans
1. Climate change

Our palaeoecological studies carried out for MW 
and BK confirmed the occurrence of T. natans in these 
paleolakes during the Subboreal period. An interesting 
finding in BK II is the occurrence of Nuphar pumila 
together with T. natans macroremains. The com-
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mon presence of these two plants is very rare because 
Nuphar pumila, in contrast to T. natans, prefers cool 
and calcium-free waters (Piękoś-Mirkowa and Mirek 
2003). A periodic presence of Nuphar pumila may indi-
cate short-term climate cooling. However, T. natans still 
occurred and declined later than Nuphar pumila. Based 
on radiocarbon dating, T. natans disappeared before 
4000 years ago on both sites (MW & BK), in what might 
be partly linked to the climate cooling documented af-
ter ca. 4500 cal. yr BP in this part of Europe (Seppä and 
Poska 2004; Gałka et al. 2014). Moreover, in the case 
of MWII, T. natans disappeared long before the disap-
pearance of the lake, so one can exclude the cause of 
lake terrestrialisation.

The fossil presence of T. natans has been documented 
in Holocene deposits in many European countries (e.g., 
Samuelson 1934; Szafer 1954; Godwin 1975; Lang 1994 
and papers cited there). In Germany, T. natans fruits 
have been identified in a few archaeological sites around 
Lake Federsee. The fossil fruits of T. natans were found 
in sediment at the bottom of the old lake and along its 
shoreline. T. natans macrofossils occurred in the layer 
accumulated from 6019 to 3000 BP. The presence of 
charred fruits may indicate that they were used for food 
(Karg 2013). The charred remains of T. natans nuts dated 
to the beginning of the Subatlantic (approximately 2500 
cal. yr BP) were found in Lake Burtnieks in northern 
Latvia (Ozola et al. 2010). Excavations at a study site in 
Molino Casarotto in subalpine Italy revealed remnants 
of water chestnut fruits that date their consumption as 
far back as ca.5900 BP (Hummel and Kiviat 2004).

T. natans remains have been found in Holocene de-
posits in Poland: (e.g., Piórecki 1980; Miotk-Szpigano-
wicz and Gałka 2009; Krechowski et al. 2009; Olszewski 
and Markowski 2014; Bryl et al. 2014). T. natans came 
to Poland through the Morawska Gate from southern 
Europe in the Early Holocene and its distribution was 
connected to a warmer climate (Kostuch and Misztal 
2007; Kowalczyk 2009).

Many authors suggest that the main reason for the 
disappearance of T. natans coincides with cold climatic 
stages. Deteriorating climatic conditions at the end of 
the Subboreal and beginning of Subatlantic periods 
caused the gradual disappearance of water chestnuts 
from Finland, northern Russia, and the east Baltic 
(Hummel and Kiviat 2004; Ozola et al. 2010; Thompson 
2014). Climate changes and temperature reduction also 
had an impact on T. natans germination. The optimal 
temperature to start germination is 15–23°C (Cozza et 
al. 1994; Bryl et al. 2014).

2. Terrestrialisation in the lake
Based on our results at the BK site, we suggest that 

the decline of T. natans is a consequence of peatland de-

velopment. The results of the plant macrofossil analysis 
proved that T. natans was a dominant plant in the paleo-
lake at the BK sites and that its disappearance coincided 
with the appearance of Carex pseudocyperus, Eleocharis 
palustris and Bidens tripartita macrofossils. These three 
plants are common in the transitional zone between 
lakes and peatland. The development of the peatland 
with Sphagnum species can lead to gradual acidification 
and further aggravate the T. natans growth conditions. 
This phenomenon led to the disappearance of Najas 
flexilis in the Romincka Forest (Gałka et al. 2012). Cur-
rently, these processes are ongoing. Szumirad reservoir 
(SSW Polska) is decreasing as a result of being filled 
with sediments deposited by the River Bystrzyna and 
as a result of natural succession of vegetation, leading 
to shallowing and overgrowing (Bryl et al 2014), and 
this effect could have influenced the periodic reduction 
of T. natans in this reservoir. In Lake Opatkowickie 
(central Poland), due to a reduction in water depth and 
overgrowing, T. natans is at risk. T. natans coexists with 
Stratiotes aloides and Spirodela polyrhiza (Krechowski 
et al. 2009). Small populations of the water chestnut 
occur in Lake Kozienickie (central Poland). The main 
danger for T. natans is a strong shallowing of the bay 
in which the population occurs and competition from 
other plant species, such as Ceratophyllum demersum 
and Stratiotes aloides (Krechowski et al. 2009).

Other authors indicate the natural process of lake 
disappearance as one reason for T. natans decline (Al-
honen 1964; Korhola and Tikkanen 1997). For instance, 
in SW Finland, T. natans macroremains were found in 
deposits accumulated ca. 3500 cal. yr BP in Pyysuo Lake, 
a small, shallow, eutrophic lake (Korhola and Tikkanen 
1997). The lake, rich in vegetation, turned into a peat 
bog approximately 2500 cal. yr BP as a consequence of 
overgrowing (Alhonen 1964). In Hungary’s Bereg plain, 
the presence of remains of T. natans in sediments in the 
period from 6900 to approximately 4550 cal. yr BP was 
recorded (Magyari et al. 2008). The gradual shallowing 
of the reservoir and development of vegetation such as 
Polygonum persicaria and Carex pseudocyperus led to 
the gradual formation of peatland in the period from 
2000 to 1000 cal. yr BP.

3. Competition with other plants
The optimal conditions for water chestnut develop-

ment are warm, shallow, eutrophic reservoirs (Kowal-
czyk 2009). Average annual temperatures, excessively 
low water temperatures and flow rates may cause T. na-
tans to retreat and encourage the development of other 
macrophytes. The reduction in the T. natans popula-
tion is also observed as a consequence of organic sedi-
ment deposition in eutrophic reservoirs, in which water 
exchange takes place every few years. (Piórecki 1980; 
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Staniszewski and Zielnica 2006). T. natans can cover 
the surface of the water reservoir for several vegetation 
seasons, hindering the heating water. The plant also 
contributes to shallowing by the production of large 
quantities of biomass falling to the bottom (Kowalczyk 
2009).

T. natans requires an open water reservoir for de-
velopment and is not able to compete with heliotropes 
(Zetter and Ferguson 2001). Adverse species for the de-
velopment of T. natans are Stratiotes aloides, Nymphaea 
alba, and Nuphar sp., characterized by strong growth 
and competition with T. natans (Kłosowski and To-
maszewicz 1996), pushing it to deeper places (Zetter 
and Ferguson 2001; Kamiński 2012).

In BK I, at a depth of 883.5–857.5 cm, the remains of 
a single T. natans were found with other water species 
such as Nuphar sp. and Nymphaea alba that frequently 
co-occur and species such as Potamogeton crispus and 
Ceratophyllum demersum that compete with T. natans.

In the zone from 838.5–801.5 cm, T. natans domi-
nated the aquatic flora. Only single remains of Nym-
phaea alba survived. The rapid development of rush 
plants Carex pseudocyperus, Eleocharis palustris, and 
Carex rostrata at approximately 3670 cal. yr BP led to a 
superseding of T. natans.

The remains of plants in the sediments of MW II also 
confirm the coexistence of T. natans with other plants 
such as Nitella sp. and Nymphaea candida. The decline 
of T. natans falls in the period of Stratiotes aloides de-
velopment, a very expansive thermophilic plant. In the 
MW I reservoir, we observe the initial development of 
Nitella sp. and Nuphar sp. followed by Nymphaea alba 
and Potamogeton natans preventing the development of 
T. natans.

4. Other reasons for the Trapa natans decline in Po-
land in the last two centuries
In the vicinity of Szczecin (53°26'17"N; 14°32'32"E), 

T. natans was present until AD 1870, in Gdańsk Po-
merania until 1862, and it disappeared from north-
eastern Poland after 1872 (Piórecki 1980; Olszewski 
and Markowski 2014). In the northern part of the 
country, the vicinity of Szczecin was the last place of 
T. natans occurrence in the 19th century (Olszewski 
and Markowski 2014). In the same period, T. natans 
also occurred in Gdańsk Pomerania (Olszewski and 
Markowski 2014). Until 1862, T. natans was present in 
Lake Mirachowskie (54°24'40"N, 17°59'11"E) (Olsze-
wski and Markowski 2014). The work of draining water 
from the lake led to the disappearance of the species at 
the above mentioned sites. The presence of T. natans in 
the vicinity of Mirachów is evidence of the species oc-
currence throughout the northern part of the country 
until the mid-19th century.

The first information about the occurrence of T. na-
tans was in Szumirad reservoir (50°50'14"N; 18°14'59"E) 
dating back to 1887 (Bryl et al. 2016). In this lake, the 
species disappearance has been recorded since 1950, 
despite the fact that its population could have as many 
as 20 000 rosettes. In the years 1976–1977, there were 
no more rosettes. The reason for the disappearance of T. 
natans was the shallowing and excessive exploitation of 
the reservoir by a local, now non-existent recreational 
centre (Bryl et al. 2014). A catastrophic consequence 
of the disappearance of T. natans in some lakes is also 
related to the herbivorous white amur fish introduced 
in the 20th century (Piórecki 1980; Piękoś-Mirkowa and 
Mirek 2003; Walusiak et al. 2011; Bryl et al. 2014).

Floods can wash off T. natans fruits located at the 
bottom of the research area and remove them to an area 
not very favourable for the development of the plant 
(Kamiński 2012).

Water chestnut does not tolerate salinity and does 
not exist in reservoirs where the sodium chloride con-
centration exceeds 0.1%. Changes in nutrient content, 
dehumidification of wetlands and dredging of reser-
voirs contribute to its extinction. From the analysed lit-
erature, T. natans has a high tendency to fluctuate. This 
observation confirms the extinction of many stations in 
the San River basin and the Upper Oder, Vistula and 
the Lusatian Neisse. In the 19th century, T. natans sur-
vived in the vicinity of Gdansk and Greater Poland. Be-
tween 1970 and 1980, 82% of the T. natans known in 
Poland disappeared.

Geochemical parameters of the fossil habitat of 
Trapa natans

T. natans is a plant that requires a specific habitat 
and chemical conditions (Kłosowski and Tomaszewicz 
1996). Ecological studies indicate that optimal develop-
ment occurs in shallow water with high organic matter 
content that is rich in Ca2+, total Fe3+, and PO4

3− and 
low in NH4+ and Mg2+ concentrations (Kłosowski and 
Tomaszewicz 1996; Szańkowski and Kłosowski 1999).

Geochemical analysis conducted in MW I, BK I and 
BK II show the dominant role of Ca2+, Al3+ and Fe3+ in 
all sediments. In MW I, the highest concentrations of 
Ca2+ and Fe3+ were recorded, preventing T. natans de-
velopment.

In BK I sediments, Ca2+, Fe3+ and Al3+ sustained a 
high level. There was also significantly elevated Mg2+ 
and Na+ content. Slight traces of T. natans were found 
in layers with a reduced level of these elements at a 
depth of 883.5–855.5 cm. Nuphar sp. Nymphaea alba 
and Potamogeton crispus were better adapted to the 
environmental changes (Kłosowski and Tomaszewicz 
1996). Rapid development of T. natans took place at 
depth 836.5–802.5 cm, dominating the vegetation and 
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almost completely displacing other aquatic species. BK 
II has similar geochemical parameters to those of BK I. 
T. natans occurred in the layer with the lowest levels of 
Ca2+, Mg2+ and Na+ without high Al3+ and K+. In relation 
to MW I and BK I, the lowest level was also reached by 
Fe3+. T. natans was accompanied by only a few Nym-
phaea alba and Nuphar sp. having a wider ecological 
amplitude of occurrence (Kłosowski and Tomaszewicz 
1996).

Present ecological studies also confirm that T. na-
tans populations are well developed in areas with el-
evated calcium levels (Piórecki 1980; Kłosowski and 
Tomaszewicz 1996; Szańkowski and Kłosowski 1999; 
Piękoś-Mirkowa and Mirek 2003). Our research con-
firms the dominance of calcium in sediments, although 
its maximum incidence does not coincide with the 
maximum development of T. natans. In the investi-
gated sediments, Zn2+ occurs at different levels. In BK 
II, Zn2+ is predominantly located at greater depths as 
well as in MW I and BK I in higher layers. A very low 
content of heavy metals such as Cr2+, Ni2+, and Cu2+ in-
dicates that anthropogenic factors did not play a role in 
the analysed lakes. This result, however, leads to a high 
level of Pb2+, reaching 1050 mg kg–1 in MW I and 780 
mg kg–1 in BK I. Pb2+ is a heavy metal, poorly migrat-
ing, therefore its natural content in the soil reflects its 
content in content in host rocks. T. natans in the BK II 
core occurs at depths of 808.5–849.5 cm. The highest 
values of practically all the elements were observed in 
this core; however, they cannot be correlated with the 
occurrence of T. natans because the layers with elevated 
values are beyond the reach of T. natans macroremains 
(805.5 cm).

Conclusions

Our palaeoecological studies (plant macrofossils 
and geochemical analysis) allowed us to determine the 
age and causes of T. natans decline as well as to recon-
struct its subfossil habitat in two formed lakes in north-
ern Poland presently occupied by the Baltic raised bogs 
Mechacz Wielki (MW) and Bagno Kusowo (BK).
1. The decline of T. natans took place approximately 

3440–3240 cal. yr BP at MW and approximately 
4090–3890 cal. yr BP at BK.

2. The climate cooling at the end of the Subboreal pe-
riod could be the reason for the disappearance of T. 
natans at MW.

3. In BK I and MW, lake transformation took place. 
The presence of rush plants, e.g., Eleocharis sp., 
Carex rostrata, and Carex pseudocyperus, docu-
ments the shallowing of the lake at Bagno Kusowo. 
A rapid spread of Nuphar sp. and Nymphaea can-
dida eliminated T. natans in MW. Additionally, the 

massive appearance of Potamogeton natans contrib-
uted to the production of large amounts of biomass 
deposited to the bottom, resulting in a shallowing of 
the lake and the development of rush vegetation.

4. Geochemical analyses conducted in MW I, BK I and 
BK II showed the dominant role of Ca2+, Al3+ and 
Fe3+ in all sediments. The highest concentrations of 
Ca2+ and Fe3+ were recorded in MW I. However, it 
is not possible to correlate the high values of these 
chemical elements with the development of T. na-
tans because the level of their concentration does not 
coincide with its maximum development. In BK II, 
T. natans reached the peak of development at a Ca2+ 
concentration of 4000–5000 mg kg–1. At a very large 
Ca2+ concentration, T. natans did not occur as it did 
in the case of high Fe3+, Al3+ and Mg2+, and, what is 
interesting, almost all the aquatic plants died.

5. Palaeobotanical analysis indicates that both lakes 
were shallow, eutrophic reservoirs overgrown by 
various macrophytes. T. natans was the dominant 
plant in both lakes during its prevalence accompa-
nied by a few Nymphaea candida, Potamogeton ob-
tusifolius, Stratiotes aloides (MW II), Potamogeton 
crispus (BK I) and Nymphaea alba (BK II). The com-
mon occurrence of T. natans with Nuphar pumila 
(BK II) was also recorded, which is a rare phenom-
enon because these plants have different ecological 
requirements.
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