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ABSTRACT. The article presents a potential explanation of disappearance of Najas fl exilis in two lakes during 
the Atlantic and Subboreal chronozones in Romincka Forest and Lake Linówek in northeastern Poland. Palaeo-
botanical (palynological and macrofossil) analyses revealed the disappearence of N. fl exilis that was possibly con-
nected with the trophic state change. Those changes of water trophic state in the lake in Romincka Forest were 
probably triggered by Picea abies expansion stimulated by climate change at the beginning of the Subboreal. The 
appearance of spruce in the area of the lake led to acidifi cation of the water body where N. fl exilis grew, which 
caused the decline of its population. The Lake Linówek site revealed a possible connection of the disappearence 
of N. fl exilis (as well as other submerged plants) with Botryococcus blooms (probably caused by increasing tro-
phy) that led to depletion of light availability on the bottom of the water body. Slender naiad, in both cases, grew 
on non-calcareous sediments, which reveals its broader pH ecological amplitude, despite the opinion that this 
species is an indicator of calcareous ground. The simultaneous occurrence of N. fl exilis and Potamogeton pusillus 
suggests that also in the past, these species built together submerged aquatic plant vegetation.
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INTRODUCTION

The study of lake sediments in terms of 
their contents of plant fossils belongs to the 
main research methods used in palaeoecology 
(Birks 1986, Tobolski 2000). Due to the use of 
palaeobotanical research it is possible to recon-
struct the history of changes in distribution 
of individual plants and their environmental 
requirements in a particular area (Wasylikowa 
1964, Pokorný & Jankovská 2000, Tobolski 
& Ammann 2000, Milecka 2005, Mortensen 
et al. 2011). Climate changes, which have 
occurred over thousands years of the Holocene 
resulted in characteristic patterns of vegeta-
tion and development of edaphic conditions. 
Those processes are well-explained by the 
model of glacial/interglacial cycles (Iversen 
1964, Tobolski 1976, Birks 1986, Lang 1994). 

Among the vascular plants of the Europaean 
fl ora, slender naiad (Najas fl exilis) – an annual 
submersed macrophyte, seems to be very sus-
ceptible to this cycles and closely linked to the 
Holocene as well. This fact is well illustrated 
by the number of Holocene sites of this plant 
in Europe, which at the end of the fi rst half 
of the 20th century, consisted of more than 
200 (Lang 1994). Their distribution covered 
the area throughout northern and Central 
Europe from Lake Garda (on the Swiss-Italian 
border) to the western fringe of the Varanger 
Peninsula in NE Norway (Lang 1994). From 
the territory of Poland this species has been 
identifi ed at 13 palaeobotanical sites (Stasiak 
1963, Borówko-Dłużakowa 1970, Bałaga 1990, 
Marek 2000, Zalewska-Gałosz 2001, Gałka 
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2006, Kowalewski & Żurek 2011). Recently, 
Szubert (2012) found seeds of Najas fl exilis in 
the surface sediments of Lake Szarcz (western 
Poland), however, this site has not been exam-
ined for its present-day occurrence yet. Seeds of 
Najas fl exilis were also found in numerous sites 
dating from the late Pleistocene in Central and 
Eastern Europe, so this species is considered 
characteristic of the Eemian interglacial (Veli-
chkevich & Zastawniak 2006). Palaeoecological 
studies, which showed the largest distribution 
of this naiad species in the climatic optimum, 
enable categorization of Najas fl exilis as an 
indicator of warm climate (Backmann 1948, 
Czubiński 1950, Godwin 1975, Lang 1994). 

Nowadays Najas fl exilis occurs in northern 
Europe (British Isles, Germany, Russia), the 
Alps and in central Asia and North Amer-
ica (Hulten & Fries 1986, Piękoś-Mirkowa 
& Mirek 2003). In the area of Poland, Najas 
fl exilis was reported from the northern part in 
the early 20th century, but the present occur-
rence is still not confi rmed. Hence this taxon 
was fi nally included in the category of extinct 
taxa (Sudnik-Wójcikowska 2004). Recently 
Najas fl exilis has been disappearing rapidly in 
Europe and this led to its qualifi cation for the 
special protection, and to its entry in Annex 2 
and 4 of the EU Habitats and Appendix I of 
the Bern Convention (Zaleska-Gałosz 2001, 
Wingfi eld et al. 2006). The modern diffi culties 
connected with the protection of slender naiad 
encourage incorporating of conclusions from 
palaeoecological data into nature conservation 
programs. 

The reason for the regression of Najas fl exi-
lis, often mentioned in the literature, is related 
to gradual cooling of the climate (Backman 
1935, 1948, Godwin 1975, Lang 1994, Bennike 
et al. 2001), and therefore worsening of habitat 
conditions – acidifi cation or eutrophication of 
water (Samuelsson 1934, Lang 1994, Wingfi eld 
et al. 2006). Other reason of decline of N. fl exi-
lis is connected with transforming process lake 
into peat land (Backman 1948).

In our article we present palaeoecological 
reconstructions of two different cases of Najas 
fl exilis disappearance driven by natural fac-
tors. Moreover, we contribute new information 
about habitat requirements of slender najad 
from the area where this species was observed 
for the last time in Poland. The main aim of 
this article is a palaeoecological reconstruction 
of the fossil environment of Najas fl exilis and 

identifying the reasons of the decline of this 
plant in two sites in the northeastern part of 
Poland. 

MATERIAL AND METHODS

STUDY SITES

Both analysed fossil sites of Najas fl exilis are 
located in NE Poland. The fi rst is a few-acre forest 
pond situated in the Romincka Forest Landscape Park 
(54°19′46.8″N, 22°37′47.28″E). Around this water body 
developed a peat bog with features of a kettle-hole 
bog, overgrown by oligotrophic vegetation composed 
mainly of numerous species of Sphagnum, Ledum 
palustre, Oxyccocus palustris, and Carex limosa. 
The second site is the Lake Linówek (54°13′24.35″N, 
22°50′29.55″E) within the Suwalski Landscape Park, 
which is an eutrophic lake of a size of 2.74 ha, cur-
rently surrounded by a transitional peat bog in which 
grow Sphagnum teres, Oxyccocus palustris, Scheuchze-
ria palustris (Fig. 1). 

FIELD WORKS AND PROFILES DESCRIPTION

Limnic sediments were collected using a manual 
Instorf type corer. In the case of the Romincka Forest, 
the core had a the length of 50 cm and a diameter of 
5 cm, whereas the corer from the Lake Linówek had 
a length of 100 cm, and a diameter of 7 cm. The paper 
describes only fragments of both cores, with lengths 
about 100 cm each, which contained Najas fl exilis 
macroscopic remains. Results of analyses of complete 
cores from both sites is the subject of a separate pub-
lication. 

The lithology of analysed core fragments were 
described according to Troels-Smith method (Troels-
Smith 1955, Tobolski 2000). The sediments were 
described in Tab. 1. 

Fig. 1. Location of study site in Poland. � – sites of Najas 
fl exilis subfossil seeds
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LABORATORY TREATMENT

Twenty six samples of 1 cm3 were selected for paly-
nological analysis, six from the Romincka Forest, and 
twenty from Lake Linówek. Each sample was ace-
tolysed following the Erdtman’s method (1960) with 
pretreatment of HCl, KOH and HF (Faegri & Iversen 
1989). Pollen taxa were identifi ed and counted with 
the application of Zeiss AMPLIVAL light microscope 
under 400x and 1000x magnifi cation. Pollen was iden-
tifi ed with the use of specialist keys and atlases (Moore 
et al. 1991, Beug 2004) and the reference slide col-
lection of the W. Szafer Institute of Botany, Polish 
Academy of Sciences as well. Samples were counted 
until the minimum number of 500 tree and herb pollen 
grains was reached. Percentage values of sporomorphs 
in individual spectra were calculated on the basis of 
particular taxa values in relation to the total pollen 
sum (AP+NAP), excluding local taxa (cryptogams, lim-
nophytes, telmatophytes, and Cyperaceae).

Material designated to the macrofossils analysis 
was sifted under a stream of warm water through 
sieves with mesh size of 0.25 mm and 0.50 mm. The 
volume of an individual sample was approximately 
40 cm³ in both cases, however, the resolution of sam-
ples differed depending on the core. The sediment from 
Lake Linówek was analysed every 1 cm, whereas that 
from the Romincka Forest – every 2 cm. Macrofossils 
were identifi ed with the application of a stereoscopic 
microscope with the magnifi cation of 10–100×. The 
selected plant fossils, mainly their generative organs, 
were determined with the application of keys and 
atlases (Grosse Brauckmann 1974, Tobolski 2000, 
Velichkevich & Zastawniak 2006, 2009).

Results of the macrofossil analysis are presented as 
1:1 diagrams prepared in the C2 programme (Juggins 
2003) whereas results of the palynological analysis 
are presented as pollen percentage diagrams, drawn 
using the TILIA software (Grimm 1991).

RADIOCARBON DATING

Two radiocarbon datings from sections where 
macrofossils of Najas fl exilis reached their highest 
values, were carried out in the Poznań Radiocarbon 
Laboratory (laboratory code – Poz). Both dates were 
calibrated using the OxCal v 4.10 programme (Bronk 
Ramsey 2009) with the IntCal09 calibration curve 
(Reimer et al. 2009; Tab. 2). 

RESULTS

VEGETATION HISTORY
AND CHRONOLOGY OF SEDIMENTS

To facilitate the description of results and 
discussion we used the division of the Holocene 
provided by Starkel et al. (1998). 

Palynological analysis 

Pollen diagrams are divided into local pollen 
assemblage zones (L PAZ) on principles given 
by Birks (1986) and Janczyk-Kopikowa (1987). 
Results of the pollen analysis are presented in 
Figs. 2, 3 and Tab. 3. 

Romincka Forest (Fig. 2)

During the period refl ected by the PR-1 
L PAZ the pond was surrounded by forest 
dominated by pine and birch, with hazel thick-
ets overgrown their understorey (Fig. 2). The 
important component of mixed and decidu-
ous woodland was small-leaved lime (Tilia 
cordata). Damp and periodically inundated 
habitats were dominated by alder (Alnus), 
and where the water level was lower ripar-
ian forest with elm (Ulmus) and ash (Fraxi-
nus) constituted. The assemblages were typi-
cal of the climatic optimum for the area of NE 
Poland (Kupryjanowicz 2007, Wacnik 2009, 
Lauterbach et al. 2011). At the beginning 
of the PR-2 L PAZ, hornbeam (Carpinus) and 
spruce (Picea) started to spread, especially the 
expansion of the latter taxon can be related to 
the early phase of the Subboreal chronozone, 
which was observed in the Lake Hańcza depos-
its, in which this phenomenon was dated at 
approx. 4900 cal. BP (Lauterbach et al. 2011). 
So then, the radiocarbon dating obtained from 
the depth below this episode, which revealed 
the age 5930–5746 cal. BP seems to be reliable. 

Table 1. Lithology from Romincka Forest and Lake Linówek

Site Description of sediments

Romincka Forest 515–540 cm: Ld3, Dh1 (leaves of Sphagnum sec. Sphagna), Dd+; fi ne detritus gyttja
540–620 cm: Ld4, Dg+ (leaves of brown mosses cf. Drepanocladus sp.), Dh+; fi ne detritus gyttja

Linówek Lake 450–550 cm: Ld4, Dg+, Dh+; fi ne detritus gyttja

Table 2. Radiocarbon datings

Site Sample/Lab. code Depth (cm) Dated material AMS 14C age Calib. age BP 
(2σ range)

Lake Linówek Poz-35949 491–492 Fruits of Betula sp. 6100±70 BP 7166–6791
Romincka Forest Poz-35950 604–606 Fruits of Betula sp. 5110±40 BP 5930–5746
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On the base of the isopollen maps the pres-
ence of spruce in north-eastern Poland clearly 
had increased since 4000 ± 100 BP (Obidowicz 
et al. 2004). It is worth emphasizing that the 
isolated populations of spruce in the Suwalki 
region had existed during the Boreal chrono-
zone, which was confi rmed by the presence 
of its macroremains (needles, bud scales and 
seeds) near Lake Kojle and Perty (Gałka, 
unpublished data).

Lake Linówek (Fig. 3)

During the LL-1 zone, an important forest-
forming element in the vicinity of the lake 
was pine (Pinus) and birch (Betula) while in the 
understorey probably dominated hazel (Cory-
lus). The beginning of the LL-2 L PAZ brought 
the expansion of small-leaved lime (Tilia cor-
data) which displaced pine and birch from the 
part of well-drained habitats; however, this shift 
did not infl uenced hazel population. Tilia prob-
ably played a more important role in the site 
vicinity in comparison to the PR-1 L PAZ. In 
the moister areas, but not inundated, expanded 
woodlands similar to modern riparian forest in 
which elm (Ulmus), ash (Fraxinus) and oak 
(Quercus) dominated. On the other hand the 
alder carrs were slightly less represented among 
woodlands in comparison to the PR-1 L PAZ 
whereas elm seems that it was more widespread 
in damp habitats. The transition between LL-1 
and LL-2 L PAZ is very similar to the episode 
visible in the deposits of Lake Hańcza situated 

in the Suwalski Lanscape Park in which the 
age of this phenomenon was dated at approx. 
9000 cal. BP (Lauterbach et al. 2011). However, 
this episode recorded in the south-westerly sit-
uated Lake Miłkowskie was dated at approx. 
8600 cal BP (Wacnik 2009). Hence, the radio-
carbon dating obtained from the LL-2 L PAZ 
(in the layer above the aforementioned episode), 
which points to 7166–6791 cal. BP, might be 
recognized as matching to regional chronology. 
However, single radiocarbon date prevents from 
the establishment of more detailed assessment 
of the age in this case. 

MACROFOSSILS ANALYSIS

Romincka Forest (Fig. 4, Tab. 4)

The presence of seeds of Najas fl exilis was 
determined at a depth of 620–554 cm (Fig. 4, 
phase RF 1). The occurrence of seeds between 
those depths was not even. The largest accu-
mulation of seeds, in the number of almost 40 
seeds, was found at a depth of 620–604 cm. It 
is followed by almost entire lack of seeds. Only 
at a depth of 576 cm, their number increases 
again. At that site, no vegetative parts of Najas 
fl exilis were found. During the existence of 
Najas fl exilis in the lake, it was also inhabited 
by Potamogeton natans, P. pusillus, and Nym-
phaea alba. It is worth noting that a decrease 
in the number of Najas fl exilis seeds in the sedi-
ment is accompanied by a clear increase in fruits 
of Potamogeton natans (at a depth of 604 cm). 

Table 3. Romincka Forest and Lake Linówek. Description of local pollen assemblage zones (L PAZ)

Number
and name 
of L PAZ

Depth 
(cm) Description

Romincka Forest 

PR-2. 575–570 Rise in Carpinus (max. 1%) and Picea (max. 5%). Maximum in Phragmites australis t. values (0.5%).
PR-1. 620–575 The highest percentages Alnus (26%), Ulmus (10%), Corylus (20%), Quercus (11%), and Tilia (5.5%). 

Pinus (14.0–23.5%), Betula (11–17.5%). Low percentage curve of herbs, stable occurence of Poaceae, 
Cyperaceae and Calluna vulgaris. Gradual increase in Potamogeton subgen. Eupotamogeton (max. 
1.2%). 
Filicales monolete and Pteridium aquilinum are almost in every spectrum.

Lake Linówek

LL-2. 527.5–440 Increase in values trees and maximum in Corylus avellana (22.1%), Alnus (16.4%), Ulmus (19.4%), 
Tilia (12.6%), Quercus (9.6%) and Fraxinus. Constant occurrence of limnophytes among them pol-
len grains of Nuphar, Nymphaea alba (also idioblasts), Potamogeton subgen. Eupotamogeton occur. 
Presence of leaf spines of Ceratophyllum in bottom and middle part of phase. From 470 cm Botryco-
coccus sharply increases. Decline in herbs, the most visible fall in Poaceae values. Decrease in Fili-
cales monolete and Thelypteris palustris spores and rise the frequency of Pteridium aquilinum.

LL-1. 527.5–555 The highest values of Pinus (51.4%) and Betula (28.8%). High percentages of Corylus avellana. 
Continuous curves of Alnus, Ulmus and Tilia. Maximum in values of spores of Filicales monolete 
(11.4%) and Thelypteris palustris (4.6%). Stable presence of Botryococcus and Pediastrum boryanum 
var. boryanum.
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Fig 2. Percentage pollen diagram from Romincka Forest. 
Lithology: 1 – fi ne detritus gyttja, 2 – fi ne detritus gyttja with 
Sphagnum leaves

Fig. 3. Percentage pollen diagram from Lake Linówek. Lithol-
ogy: 1 – fi ne detritus gyttja
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At a depth from 574 to 515 cm, no macrofossils 
of macrophytes were found (Fig. 5, phase RF 
2). In the upper part of the core analysed, in 
the sediment, fossils of peat bog plants were 
determined in the form of leaves of Sphagnum 
sec. Sphagna, leaves of Oxycoccus palustris, 
and a seed of Andromeda polifolia.

Lake Linówek (Fig. 5, Tab. 4)

Seeds of Najas fl exilis were found in the sed-
iment at a depth of 521–476 cm (Fig. 5, phase 
LL 2). Their highest concentration, i.e. 7 seeds, 
was determined in a sample from a depth of 
503–502 cm. During the analysis, also fruits of 

Fig 4. Plant macrofossils diagram of the section of profi le from the Romincka Forest site. Description of plant remains: s – seed, 
f – fruit, fb – fruit biconvex, ft – fruit trigonous, fs – fruit scale, o – oospore, e – endocarp, l – leaf

Tab. 4. Romincka Forest and Lake Linówek. Description of macrofossil assemblage zones (L MAZ)

Number
and name
of LMAZ

Depth
(cm) Description

Romincka Forest

RF 2 553–515 Complete disappearance of aquatic plants. Numerous leaves of Sphagnum sp. and several 
leaves of Oxyccocus palustris. Presence of Betula pubescens and Pinus sylvestris.

RF 1 620–553 Presence of Najas fl exilis. The highest concentration seeds of N. fl exilis in the bottom part of 
this phase. In the middle part only one seeds of N. fl exlis at the depth 593 cm. Two species 
of Potamogeton: P. natans (max. 603 and 596 cm) and P. pusillus (max. 614 cm). Presence of 
trees: Betula pubescens, Pinus sylvestris and Picea abies. 

Linówek Lake

LL 3 475–450 Almost complete disappearance of submerged vegetation. Presence of Nymphaea alba and 
Nuphar lutea. In the bottom part of this phase presence of Typha sp. 

LL 2 524–475 Najas fl exilis (max. 7 seeds at the depth 503 cm). Three species of Potamogeton, most endo-
carps of Potamogeton pussilus. Next to Pinus syvestis and Betula pubescens is also Tilia sp. 
(508 cm). Almost constant presence of Nymphaea alba and Nuphar lutea. 

LL 1 550–524 Numerous oospores of Chara sp. Four species of Potamogeton: P. natans, P. pussilus. P. obtusi-
folius, P. gramineus. At the depth 527 cm fruit of Ceratophyllum demersum. Among trees 
presence of Pinus sylvestis and Betula pubescens. Presence of Carex pseudocyperus, Typha 
sp. and Rubus idaeus. 
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Potamogeton were found, represented mainly 
by P. pusillus. In addition to pondweed, in the 
period of the occurrence of Najas fl exilis in the 
lake, also the following species occurred: Nym-
phaea alba, Nuphar lutea, and Ceratophyllum 
sp. It is typical that the appearance of Najas 
fl exilis in the lake is accompanied by a clear 
decrease in the participation of oospores of 
Chara sp. and endocarps of Potamogeton 
obtusifolius in the sediment (Fig. 5, phase LL 
1). Attention is drawn by very numerous occur-
rence of vegetative organs (steams and leaves) 
of Najas fl exilis at that site. Some samples did 
not include seeds, but only vegetative frag-
ments of the plant.

DISCUSSION

TAPHONOMIC REMARKS 

Only macroscopic fi ndings, narrow-lanceo-
late seeds with hard shells (Fig. 6) and less-
frequently vegetative parts of plants, are indic-
ative of Najas fl exilis occurrence in the past. 
Pollen grains of Najas fl exilis are diffi cult to 
identify due to thin exine and indistinguisha-
ble sculpture (Sun et al. 2001), or even its com-
plete lack as claims Lang (1994). In addition to 
the fact that such exine prevents their grains 
from long-term preservation, this species, as 

the hydrophilous pollinated plant, is a low pol-
len producer (Szczepanek 2003); therefore, it is 
hardly represented among pollen deposits. To 
sum up, these features make its pollen regu-
larly skipped by authors of atlases (see e.g. 
Moore et al. 1991, Beug 2004). 

WHY DID NAJAS FLEXILIS DISAPPEAR
IN BOTH WATER BODIES?

The extensive expansion of the plant in 
Europe occurred in the Early Holocene, and 
even already in the Late Glacial, at sites on 
the British Isles (Godwin 1975) and in Fin-
land (Mölder et al. 1957, Vasari et al. 2007). 

Fig. 5. Plant macrofossils diagram of the section of the Lake Linówek deposits. Description as in Fig. 4

Fig 6. Seeds of Najas fl exilis from Lake Linówek
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The reason for the regression of Najas fl exilis, 
often mentioned in the literature (Lang 1994), 
is related to gradual cooling of the climate, 
and therefore worsening of habitat conditions 
– water acidifi cation. Based on a review of fos-
sil sites, it can be determined that already in 
the Boreal chronozone Najas fl exilis reached 
its maximum distribution (Samuelsson 1934, 
Backmann 1935, 1948, Godwin 1975, Lang 
1994, Bennike et al. 2001).

In Poland Najas fl exilis grew during dif-
ferent periods of the Holocene. Fossil seeds 
of Najas fl exilis were found in the Boreal 
chronozone (Stasiak 1963, Bałaga 1990, Gałka 
2006), from the Boreal to Atlantic chronozones 
(Marek 2000), in the Atlantic chronozone 
(Kowalewski & Żurek 2011), the Subatlantic 
chronozone (reappearance in Lake Łukcze; 
Bałaga 1990) and at other sites Najas fl exilis 
was confi rmed in the early 20th century (Zal-
ewska 1999, Zalewska-Gałosz 2001). Since the 
Atlantic chronozone, the number of European 
sites decrease, subsequently continued in fol-
lowing periods (Lang 1994). However, a fall in 
temperature was probably an indirect cause 
of slender naiad disappearance, because the 
minimum mean July temperature required for 
Najas fl exilis occurrence is 15°C (Aalbersberg 
& Litt 1998) and the mean July temperature 
after the Holocene Climatic Optimum has not 
fell below this value up to nowadays in north-
eastern Poland (comp. Davis et al. 2003). 

The intense terrestrialisation of both water 
bodies, simultaneous with climate worsen-
ing, probably resulted in the decrease in the 
number of plants. Lang (1994) points to the 
gradual transformation of water bodies into 
acidic habitats, as one of the mechanisms of 
the modern glacial-interglacial cycle. The dis-
appearance of Najas fl exilis in the water body 
in the Romincka Forest (Fig. 4, RF 2 L MAZ) 
can be related to a change in the trophic state 
which occurred as a result of the appearance 
of Sphagnum mosses in the close vicinity. 
The sediment layer located above the layer 
with determined Najas fl exilis seeds includes 
numerous leaves of Sphagnum sec. Sphagna. 
The co-occurrence of macrofossils of Sphagnum 
and other plants of oligotrophic habitats such 
as Andromeda polifolia and Oxycoccus palus-
tris in the sediment proves that a transitional 
peat bog started to develop around (Fig. 4, RF 2 
L MAZ). Those processes were simultaneous to 
the expansion of spruce, which was a response 

to the fall in temperature and the rise in 
humidity during the Atlantic/Subboreal transi-
tion (Birks 1986). A consequent acidifi cation of 
habitats might have triggered the development 
of the peat bog, and the retreat of submersed 
macrophytes. The disappearance of Najas 
fl exilis corresponding to the Picea spread was 
recorded in Lithuania as well (Gaidamavičius 
et al. 2011). In the eastern part of Poland, in 
the Knyszyńska Forest, the time of decline 
of Najas fl exilis was simultaneous to appear-
ing of Picea abies (Marek 2000). But on this 
site – Stare Biele since the expansion of Picea 
abies had started, the lake level was lowering 
and the development of fen started, which was 
probably the direct cause of decline of N. fl exi-
lis. On the site in Tuchola Forest Najas fl exilis 
disappeared in Atlantic (Kowalewski & Żurek 
2011), which is connected with development of 
peat bog around the lake and acidifi cation of 
the water. The development of fen and restric-
tion of water surface was also the cause of dis-
apperence of N. fl exilis on the site in northern 
Poland – Mirowice (Gałka, unpublished data). 

Samuelsson (1934) pointed to the habitat 
as the reason for the disappearance of Najas 
fl exilis in Scandinavia. Moreover, Wingfi eld 
et al. (2006) claim that acidifi cation next to 
eutrophication of the habitats of slender naiad 
is the main cause of its extinction, because 
the ability of seed production of Najas fl exilis 
reduces after acidifi cation. The other cause of 
slender naiad decline in the Romincka Forest 
site might be the spread of Potamogeton natans 
at the beginning of the Subboreal chronozone, 
which certainly restricted the light availabil-
ity in the bottom of the water body. However, 
these processes are defi nitive cause of the slen-
der naiad population disappearance, because 
afterward it occurred in sparse number. It is 
worth emphasizing that the largest accumu-
lation of seeds (about 40 seeds/sample) was 
found before P. natans appeared (at a depth of 
620–606 cm – RF 1 L MAZ, Fig. 4). The seeds 
of N. fl exilis are usually detected singly or by 
a few occurrences (Bennike et al. 2001). Such 
a numerous deposition is a rare phenomenon 
and might be indicative of the decrease in the 
water table in the lake, taking into account 
Haas (1996) and Haas et al. (1998) who proved 
that shallowing of the water body induces the 
rise in the seed production of N. fl exilis. 

In the period of the disappearance of Najas 
fl exilis within Lake Linówek (Fig. 5), a change 
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of trophic state occurred as well. However, it 
was not related to a lowering of the lake level 
and the development of the a transitional peat 
bog, because after the Najas fl exilis disappear-
ance, detritus gyttja still accumulated and 
reached a thickness of 270 cm. In this case 
trophic changes are revealed by Botryococcus 
expansion convergent with Najas fl exilis disap-
pearance. Kawecka and Eloranta (1994) show 
that the blooms of B. braunii (a widespread 
species from this genus) occur in the surface 
layers of water in water bodies and they have 
an orange colour. These processes might have 
cut-off light availability which caused Najas 
fl exilis retreat. The observation of Backman 
(1948) and Wingfi eld et al. (2004) clearly 
suggest that the optimum depth for slender 
naiad occurrence is about 2 m. However, in an 
extreme case, in which water transparency was 
suffi cient, this species was found at a depth of 
12–14 m (Lake Shoal, Manitoba-Ontario; Pip 
& Simmons 1986). Even though light availabil-
ity might have been reduced by Nuphar lutea 
and Nymphaea alba that occurred simultane-
ously with slender naiad, there are no visible 
traces of the competition between naiad and 
these species in macrofossil deposition. Moreo-
ver, together with the fi nal decline of N. fl exi-
lis, other submersed macrophytes retreated as 
well. Hence, the appearance of Botryococcus 
seems to be the crucial factor for the disap-
pearance of N. fl exilis in Lake Linówek. 

ECOLOGICAL REMARKS

The literature often emphasises the fact 
of the present occurrence of Najas fl exilis 
in waters rich in calcium carbonate (Piękoś-
Mirkowa & Mirek 2003, Zalewska-Gałosz 
2001, Sudnik-Wójcikowska 2004). On the other 
hand, Backman (1948) states that in Finland 
most sites are related to areas with little cal-
cium content. A similar situation was observed 
in Great Britain, where Najas fl exilis grows in 
non-calcareous environment as well (Wingfi eld 
et al. 2004). A wider ecological preferences of 
Najas fl exilis is also evidenced by the fact of 
its simultaneous occurrence in Scandinavia 
with Isoëtes lacustris (Luther 1945, Backmann 
1948), which is a well known indicator of oli-
gotrophic environment (Ellenberg et al. 1991, 
Zarzycki et al. 2002). Also Bennike et al. (2001) 
note that Najas fl exilis can grow in more oligo-
trophic and acid water in comparison to other 

two species of Najas (N. marina and N. minor). 
Hence, the results of the review of subfossil 
Holocene sites of Najas fl exilis in the Polish 
sites, suggesting a growth on grounds poor in 
CaCO3, are not an exception. In those sites, 
the seeds of slender naiad were found in detri-
tus gyttja (e.g. Tuchola Pineforest – Gałka 
2006, Kowalewski & Żurek 2011, Mirowice k. 
Świecia – Gałka unpublished data), similarly 
to the sites described in this article.

The interesting fact seems to be a coexist-
ence of Potamogeton pusillus and Najas fl exilis 
(endocarps of P. pusillus and seeds of Najas 
fl exilis are simultaneously found in the sam-
ples of LL 2 L MAZ and RF 1 L MAZ, see Fig. 4 
and 5). The sites show the lack of competition 
between both species, therefore, P. pusillus 
and N. fl exilis probably formed vegetation 
assemblages in the past. Sites where these two 
plants grow together quoted Backman (1948) 
and Lang (1994). Lang (1994) observed, that 
Najas fl exilis had been disappearing together 
with Potamogeton pusillus since the Atlantic 
period in the Schwarzwald. Given the contem-
porary presence of Najas fl exilis and P. pusil-
lus, Matuszkiewicz (2007) included them to the 
Potamion alliance, however, this author has not 
distinguished any special association for both 
taxa occuring together.

CONCLUSION

Based on the results obtained from the pal-
aeobotanical studies, the reasons for the disap-
pearance of Najas fl exilis in the examined sites 
is connected with the change trophic state in 
the lakes. The disappearance of Najas fl exilis 
in the site situated in the Romincka Forest can 
be related to a change of the trophy state in the 
water body, connected with the development 
of the transitional peat bog around the water 
body. This process started at the beginning of 
the Subboreal chronozone and was probably 
triggered by the development of forest commu-
nities with spruce. In the case of the disappear-
ance of Najas fl exilis in Lake Linówek, which 
was detected in the Atlantic chronozone, also 
trophic changes of water are suggested. It is 
signifi cant that with the disappearance of Najas 
fl exilis in Lake Linówek other submerged plants 
disappear as well, while Botryococcus increases 
sharply, and its blooms might have caused the 
deterioration of the water transparency. 
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The seeds of Najas fl exilis were found in 
detritus gyttja, which proves that there is no 
close connection of this species with the calcar-
eous ground. Both lakes refl ected simultane-
ous optima of macrofossils deposition of Najas 
fl exilis and Potamogeton pusillus which clearly 
suggest that both taxa built the plant commu-
nity in former limnic environments.

ACKNOWLEDGEMENTS

The study was fi nanced from the resources of the 
Ministry of Science and Higher Education from 2007 
to 2010 as a research project N N305 3259 33 (Head: 
Mariusz Gałka). We express our gratitude to Krystyna 
Milecka for constructive comments on an earlier ver-
sion of the paper. We are very thankful to the review-
ers Dorota Nalepka and Steffen Wolters for valuable 
suggestions in the manuscript. 

REFERENCES

AALBERSBER G.G. & LITT T. 1998. Multiproxy cli-
mate reconstructions for the Eemian and Early 
Weichselian. J. Quatern. Sci., 13: 367–390.

BACKMAN A.L. 1935. Die nördlichsten Fossilfunde 
von Najas fl exilis und Carex pseudocyperus in Fin-
land. Soc. Scient. Fenn. Comm. Biol., V(3): 1–9. 

BACKMAN A.L. 1948. Najas fl exilis in Europa wäh-
rend der Quartärzeit. Acta Bot. Fenn., 43: 1–44.

BAŁAGA K. 1990. The development of Lake Łukcze 
and changes in the plant cover of the south-west-
ern part of the Łęczna-Włodawa Lake district in 
the last 13 000 years. Acta Palaeobot., 30(1,2): 
77–146.

BEUG H.-J. 2004. Leitfader der Pollenbestimmung für 
Mitteleuropa und angrenzende Gebiete. Verlag Dr. 
Friedrich Pfeil, München.

BENNIKE O., JENSEN J.B. & LEMKE W. 2001. Late 
Quaternary records of Najas spp. (Najadaceae) 
from the southwestern Baltic region. Rev. Palaeo-
bot. Palynol., 114: 259–267.

BIKRS H.J.B. 1986. Late-Quaternary biotic changes in 
terrestrial and lacustrine environments, with partic-
ular reference to north-west Europe: 3–65. In: Ber-
glund B.E. (ed.), Handbook of Holocene Palaeoecol-
ogy and Palaeohydrology. John Wiley & Sons Ltd. 
Chichester-NewYork-Brisbane-Toronto- Singapore.

BORÓWKO-DŁUŻAKOWA Z. 1970. Stratygrafi a 
osadów późnoglacjalnych i holoceńskich profi lu 
Gosławice w oparciu o badania makrofl orystyczne 
(summary: The strathigraphy of the Late Glacial 
and Holocene sediments based on makrofl oristic 
research). Arch. Inst. Geol., 2: 13–23.

BRONK-RAMSEY C. 2009. Dealing with outliers and 
offsets in radiocarbon dating. Radiocarbon, 51(3): 
1023–1045.

CZUBIŃSKI Z. 1950. Zagadnienia geobotaniczne 
Pomorza. Bad. Fizjogr. nad Polską Zach., 2(4): 
431–658. 

DAVIS B.A.S., BREWER S., STEVENSONA A.C., 
GUIOT J. & DATA CONTRIBUTORS 2003. The 
temperature of Europe during the Holocene recon-
structed from pollen data. Quatern. Sci. Rev., 22: 
1701–1716.

ELLENBERG H., WEBER H.E., DÜLL R., WIRTH V., 
WERNER W. & PAULISSEN D. 1991. Zeigerwerte 
von Pfl anzen in Mitteleuropa. 3. Aufl . Scr. Geobot., 
18: 9–166.

ERDTMAN G. 1960. The acetolysis method. Svensk. 
Botan. Tidskr., 54(4): 561–564.

FAEGRI K. & IVERSEN J. 1989. Textbook of pollen 
analysis. 4th edn. revised by K. Fægri, P.E. Kaland 
& K. Krzywinski. John Wiley & Sons, Chichester. 

GAIDAMAVIČIUS A., STANČIKAITĖ M., KISIE-
LIENĖ D. MAŽEIKA J. & GRYGUC G. 2011. 
Post-glacial vegetation and environment of the 
Labanoras Region, East Lithuania: implications 
for regional history. Geol. Quater., 55(3): 269–284.

GAŁKA 2006. Kopalne rośliny torfowisk i jezior: 119–
130. In: Tobolski K. (ed.), Torfowiska Parku Naro-
dowego Bory Tucholskie. Park Narodowy „Bory 
Tucholskie”. Charzykowy.

GOWIN H. 1975. The history of the British fl ora: 
A factual basis for phytogeography. Cambridge 
University Press. Cambridge.

GRIMM E.C. 1991. Tilia and Tilia Graph. Illinois 
State. Museum.

GROSSE BRACKMANN G. 1974. Über pfl anzli-
che Makrofossilien mitteleuropäischer Torfe, II. 
Weitere Reste (Früchte und Samen, Moose u.a.) 
und ihre Bestimmungsmöglichkeiten. Telma, 4: 
51–117.

HAAS J.N. 1996. Pollen and plant macrofossil evi-
dence of vegetation change at Wallisellen-Lan-
gachermoos (Switzerland) during the Mesolithic-
Neolithic transition 8500 to 6500 years ago. Diss. 
Bot., 267: 1–67.

HAAS J.N., RICHOZ I., TINNER W. & WICK L. 
1998. Synchronous Holocene climatic oscillations 
recorded on the Swiss Plateau and at timberline in 
the Alps. Holocene, 8(3): 301–309.

HULTEN E. & FRIES M. 1986. Atlas of north Euro-
pean vascular plants. North of the Tropic of Can-
cer. Koeltz Scientifi c Books. Königstein.

IVERSEN J. 1964. Plant indicators of climate, soil and 
other factors during the Quaternary. Report of the 
VIth International Congress on Quaternary, War-
saw, 1961, 2: 421–428.

JANCZYK-KOPIKOWA Z. 1987. Uwagi na temat pal-
inostratygrafi i i czwartorzędu. Kwart. Geol., 31(1): 
155–162.

JUGGINS S. 2003. C2 User Guide. Software for Eco-
logical and Palaeoecological Data Analysis and 
Visualisation. University of Newcastle. Newcastle 
upon Tyne.



 137

KAWECKA B. & ELORANTA P.V. 1994. Zarys 
ekologii glonów wód słodkich i środowisk lądowych. 
Wydawnictwo Naukowe PWN Warszawa.

KOWALEWSKI G. & ŻUREK S. 2011. Geology and 
development pathways of Sphagnum peatland-lake 
ecosystem in eastern Pomerania. Studia Quater., 
28: 41–52.

KUPRYJANOWICZ M. 2007. Postglacial development 
of vegetation in the vicinity of the Wigry Lake. 
Geochronologia, 27: 53–66.

LANG G. 1994. Quartäre Vegetationsgeschichte Eur-
opa. Gustav Fischer Verlag, Jena, Stuttgart, New 
York.

LAUTERBACH S., BRAUER A., ANDERSON N., 
DANIELOPOL D.L., DULSKI P., HÜLS M., 
MILECKA K., NAMIOTKO T., PLESSEN B., von 
GRAFENSTEIN U. & DECLAKES PARTICI-
PANT 2010. Multi-proxy evidence for early to mid-
Holocene environmental and climatic changes in 
northeastern Poland. Boreas, 40: 57–72.

LUTHER H. 1945. Über die rezenten Funde von Najas 
fl exilis (Willd.) Rostk. & Schmidt in Ostfennoskan-
dien. Memor. Soc. F. Fl. Fenn., 21: 1–60.

MAREK S. 2000. Analiza biostratygrafi czna pro-
fi li tor fowych: 70–77. In: Czerwiński A, Kołos A. 
& Matowicka B. (eds), Przemiany siedlisk i roślin-
ności Uroczyska Stare Biele w Puszczy Knyszyń-
skiej. Wydawnictwo Politechniki Białostockiej. 
 Białystok. 

MATUSZKIEWICZ W. 2007. Przewodnik do oznacza-
nia zbiorowisk roślinnych Polski. Wydawnictwo 
Naukowe PWN, Warszawa.

MILECKA K. 2005. Historia jezior lobeliowych zachod-
niej części Borów Tucholskich na tle postglacjalnego 
rozwoju szaty leśnej. Wyd. Nauk. UAM, Poznań. 

MÖLDER K., VALOVIRTA V. & VIRKKALA K. 1957. 
Über spät Glazialzeit und früe Postglazialzeit in 
Südfi nland. Bull. Comm. Geol. Finl., 178: 1–49.

MOORE P.D., WEBB J.A. & COLLISON M.E. 1991. 
Pollen Analysis (Second Edition). Blackwell Scien-
tifi c Publications. London.

MORTENSEN M.F., BIRKS H.H., CHRIS-
TENSEN C., HOLM J., NANNA NOE-NYG-
AARD N., ODGAARD B., OLSEN J. & RASMUS-
SEN K.L. 2011. Lateglacial vegetation development 
in Denmark – New evidence based on macrofos-
sils and pollen from Slotseng, a small-scale site in 
southern Jutland. Quater. Scien. Rev., 30: 2534–
2550.

OBIDOWICZ A., RALSKA-JASIEWICZOWA M., 
KUPRYJANOWICZ M., SZCZEPANEK K., LATA-
ŁOWA M. & NALEPKA D. 2004. Picea abies (L.) 
H. Karst – Spruce: 147–157. In: Ralska-Jasiewic-
zowa M., Latałowa M., Wasylikowa K., Tobolski K., 
Madeyska E., Wright Jr., H.E. & Turner C. (eds), 
Late Glacial and Holocene history of vegetation in 
Poland based on isopollen maps. W. Szafer Institute 
of Botany, Polish Academy of Sciences, Kraków. 

PIĘKOŚ-MIRKOWA H. & MIREK Z. 2003. Flora Pol-
ski. Atlas roślin chronionych. MULTICO Ofi cyna 
Wydawnicza. Warszawa. 

PIP E. & SIMMONS K. 1986. Aquatic angiosperms at 
unusual depths in Shoal lake, Monitoba Ontario. 
Canad. Field Natur., 100(3): 354–358.

POKORNÝ P. & JANKOVSKÁ V. 2000. Long-term 
vegetation dynamics and the infi lling process of 
a former lake (Švarcenberk, Czech Republic). Folia 
Geobot., 35: 433–457.

REIMER P.J., BAILLIE M.G.L., BARD E., BAY-
LISS A., BECK J.W., BLACKWELL P.G., BRONK 
RAMSEY C. BUCK C.E., BURR G.S., EDWARDS 
R.L., FRIEDRICH M., GUILDERSON T.P., HAJ-
DAS I., HEATON T.J., HOGG A.G., HUGHEN 
K.A., KAISER K.F., KROMER B., McCORMAC 
F.G., MANNING S.W., REIMER P.J., RICHARDS 
D.A., SOUTHON J.R., TALAMO S., TURNEY 
C.S.M., van der PLICHT J. & WEYHENMEYER 
C.E. 2009. IntCal09 and Marine09 radiocarbon age 
calibration curves, 0–50,000 years cal BP. Radio-
carbon, 51(4): 1111–1150.

SAMUELSSON G. 1934. Die Verbreitung der höheren 
Wasserpfl anzen in Nordeuropa (Fennoskandina-
vien und Dänemark). Acta Phyt. Suec., VI: 1–211.

SENDEGREN R. 1941. Om den forna och nutida före-
komsten av Najas fl exilis i Sverige. Botan Notiser. 

STARKEL L., GOSLAR T., RALSKA-JASIEWI-
CZOWA M., DEMSKE D., RÓŻAŃSKI K., 
ŁĄCKA B., PELISIAK A., SZEROCZYŃSKA K., 
WICIK B. & WIĘCKOWSKI K. 1998. Discussion of 
the Holocene events recorder in the Lake Gościąż 
sediments: 239–251. In: Ralska-Jasiewiczowa M., 
Goslar T., Madeyska T. & Starkel L. (eds), Lake 
Gościąż, Central Poland. A monographic study. 
Part. 1. W. Szafer Institute of Botany Polish Acad-
emy of Sciences, Kraków.

STASIAK J. 1963. Historia Jeziora Kruklin w świetle 
osadów strefy litoralnej. Przegl. Geogr., 42: 1–94. 

SUDNIK-WÓJCIKOWSKA B. 2004. Najas fl exilis 
(Willd.) Rostk. et Schmidt . Jezierza giętka, jezi-
erza najcieńsza: 203–204. In: Werban-Jakubiec H. 
(ed.), Gatunki roślin. Poradnik ochrony siedlisk 
i gatunków Natura 2000 – poradnik metodyczny. 
Tom. 9. Ministerstwo Środowiska. Warszawa. 

SUN K., CHEN J.-K. & ZHANG Z.-Y. 2001. Pollen 
morphology of Najadaceae and Zannichelliaceae. 
Acta Phytotax. Sin., 39: 31–37.

SZCZEPANEK K., 2003. Wytwarzanie i rozprzestrze-
nianie spor i ziarn pyłku: 16–28. In: Dybova-
Jachowicz S. & Sadowska A. (eds.), Palinologia. 
Wydawnictwa Instytutu Botaniki PAN, Kraków.

SZUBERT T. 2012. Najas fl exilis w osadach powierzch-
niowych jeziora Szarcz. Stud. Lim. Tel. (submit-
ted).

TOBOLSKI K. 1976. Przemiany klimatyczno-ekolo-
giczne w okresie czwartorzędu a problem zmian we 
fl orze. Phytocenosis, 5(3): 187–197.



138 

TOBOLSKI K. 2000. Przewodnik do oznaczania tor-
fów i osadów jeziornych). Wydawnictwo Naukowe 
PWN, Warszawa. 

TOBOLSKI K. & AMMANN B. 2000. Macrofossils as 
records of plant responses to rapid Late-Glacial 
climatic changes at three sites in the Swiss Alps. 
Palaeogeogr. Palaeoclimatol. Palaeoecol., 159: (3–4) 
251–259.

TROELS-SMITH J. 1955. Characterization of uncon-
solidated sediments, Danmarks Geol. Undersøg., 
3(10): 38–73.

VASARI Y., KUZNETOV O.L., LAVROVA N.B., SHE-
LEKOVA T.S. & VASARI A. 2007. Alinlampi, 
a Late-Glacial site in the northern Karelian Repub-
lic. Annal. Bot. Fenn., 44: 4–55.

VELICHKEVICH F.Yu. & ZASTAWNIAK E. 2006. 
Atlas of the Pleistocene vascular plant macrofos-
sils of Central and Eastern Europe. Part 1-Pterido-
phytes and monocotyledons. W. Szafer Institute of 
Botany, Polish Academy of Sciences, Kraków. 

VELICHKEVICH F.Yu. & ZASTAWNIAK E. 2008. 
Atlas of the Pleistocene vascular plant macrofossils 
of Central and Eastern Europe. Part 2-Herbaceous 
dicotyledons. W. Szafer Institute of Botany, Polish 
Academy of Sciences, Kraków. 

WACNIK A. 2009. Vegetation development in the 
Lake Miłkowskie area, north-eastern Poland, from 
the Plenivistulian to the late Holocene. Acta Pal-
aeobot., 49(2): 287–335.

WASYLIKOWA K. 1964. Roślinność i klimat późnego 
glacjału w środkowej Polsce na podstawie badań 
w Witowie koło Łęczycy. Biul. Perygl., 13: 
261–417. 

WINGFIELD R.A., MURPHY K.J., HOLLINGS-
WORDTH P. & GAYWOOD M.J. 2004. The Ecology 
of Najas fl exilis. Scottish Natural Hertage Com-
missioned Report No. 017 (ROAME No. F98PA02): 
1–78.

WINGFIELD R.A., MURPHY K.J. & GAYWOOD M.J. 
2006. Assessing and predicting the success of Najas 
fl exilis (Willd.) Rostk. & Schmidt, a rare European 
aquatic macrophyte, in relation to lake environ-
mental conditions. Hydrobiologia, 570: 79–86. 

ZALEWSKA J. 1999. The genus Najas (Najadaceae) 
in Poland: remarks on taxonomy, ecology, distribu-
tion and conservation. Fragm. Flor. Geobot., 44(2): 
401–422.

ZALEWSKA-GAŁOSZ J. 2001. Najas fl exilis (Willd.) 
Rostk. et Schmidt: 410–412. In: Kaźmierczakowa 
R. & Zarzycki K. (eds), Polish Red Data Book of 
Plants, Pteridophytes and Flowering Plants. Polish 
Academy of Sciences, W. Szafer Institute of Botany, 
Institute of Nature Conservation. Kraków.

ZARZYCKI K., TRZCIŃSKA-TACIK H., RÓŻAŃ-
SKI W., SZELĄG Z., WOŁEK J. & KORZENIAK U. 
2002. Ecological indicator values of vascular plants 
of Poland. W. Szafer Institute of Botany, Polish 
Academy of Sciences, Kraków. 


