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As so ci ate Ed i tor: Wojciech Granoszewski

We de scribe a high-res o lu tion anal y sis of subfossil Cladocera con ducted at the £ugi site in Po land, a peatland eco sys tem
that de vel oped within a for mer lake in the Warta River Val ley. Study fo cused on core sec tions cor re spond ing to pe ri ods of
rapid cli ma tic change dur ing the Late Gla cial/Ho lo cene tran si tion, en abling de tailed ob ser va tion of en vi ron men tal trans for -
ma tions. Palynological anal y sis fa cil i tated the de ter mi na tion of bound aries be tween cold and warm pe ri ods. The Cladocera
anal y sis re vealed that, dur ing the end of Old est Dryas, the lake was shal low with con di tions un fa vour able for Cladocera de -
vel op ment. At the on set of the BÝlling pe riod, warm ing led to in creased spe cies di ver sity and a rise in wa ter lev els within the
lake. Fol low ing this warm ing and as so ci ated eco log i cal changes, the BÝlling-AllerÝd pe riod was char ac ter ized by con tin ued
pro gres sive warm ing, that was in ter rupted by the Older Dryas cool ing event, marked by a sharp de cline in Cladocera spe -
cies. At the end of the AllerÝd, there was a de cline in lake wa ter lev els, fol lowed by the on set of the Youn ger Dryas, which
brought a no ta ble cool ing trend. The Youn ger Dryas/Ho lo cene tran si tion was not cap tured due to a hi a tus in sed i ment de po -
si tion. Data from the sed i ment sec tion cor re spond ing to the Ho lo cene (Bo real pe riod) re vealed im proved hab i tat con di tions
and a warm ing of the wa ters. These anal y ses and in ter pre ta tions are aimed at com par ing re cords of rapid cli ma tic changes
as re corded by Cladocera re mains, and dem on strat ing dif fer ences in their course in bas ins that dif fer from each other as re -
gards hab i tat fea tures. 

Key words: subfossil Cladocera, high res o lu tion, Late Vistulian, Warta River Val ley, cen tral Po land.

INTRODUCTION

As lake eco sys tems adapt to changes in cli ma tic con di tions, 
they un dergo al ter ations in their phys i cal, chem i cal and bi o log i -
cal char ac ter is tics (Adrian et al., 2009). These cli ma tic shifts im -
pact lake lev els and the du ra tion of wa ter re ten tion, which in
turn lead to al ter ations in lit to ral hab i tats, sed i ment dis tri bu tion,
wa ter chem is try and nu tri ent avail abil ity (Battarbee, 2000; De
Senerpont Domis et al., 2013). As a re sult, the aquatic biota
com mu nity, in clud ing fish, in ver te brate and plant as sem blages, 

un dergo sig nif i cant changes. Spe cies com po si tions may shift
as cer tain or gan isms adapt to new con di tions and oth ers de -
cline or mi grate. These changes can also lead to the in tro duc -
tion of in va sive spe cies, dis rup tion of food webs, and al ter ations 
in re pro duc tive cy cles, ul ti mately im pact ing biodiversity and
eco sys tem sta bil ity (EPA, 2008; Wood ward et al., 2010). 

Aquatic biotas re spond to cli mate change in var i ous ways,
which can lead to al tered growth rates, shifts in spe cies com po -
si tion, and changes in abun dance. The re sponse, how ever, is
both spe cies-spe cific and in flu enced by their trophic po si tion
(Sweetman et al., 2008; Adrian et al., 2009). For in stance,
changes in abun dance of ten dif fer be tween spe cies (Adrian et
al., 2009), with some plank ton spe cies re spond ing to warm ing
by chang ing their pop u la tions, while oth ers re main sta ble. This
sug gests that these spe cies may be more re sil ient to cli mate
change or in flu enced by other eco log i cal fac tors af fect ing their
abun dance and dis tri bu tion. A no ta ble shift was ob served in di -
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a tom com mu ni ties, transitioning from ben thic (bot tom-dwell ing) 
to plank tonic (free-float ing) spe cies. Sim i lar changes have
been seen in in ver te brate com mu ni ties, such as chi rono mids,
which in creased in abun dance and di ver sity in re sponse to
warm ing (Smol et al., 2005). Ris ing tem per a tures ac cel er ate
phytoplankton growth and pro mote the de vel op ment of
cyanobacteria, giv ing them a com pet i tive edge over other
phytoplankton groups. Tem per a ture shifts and phys i cal mix ing
fur ther en hance the com pet i tive ad van tage of smaller di a tom
cells, such as those of the ge nus Cyclotella (Winder and
Sommer, 2012). Ad di tion ally, as the cli mate warms, zoo plank -
ton spe cies pre fer ring colder, oligotrophic wa ters are be ing re -
placed by those adapted to warmer, nu tri ent-rich en vi ron ments. 
Zoo plank ton also adapt to these chang ing con di tions by ad just -
ing their body size (Rizo et al., 2019).

Re or ga ni za tions of phyto- and zoo plank ton com mu ni ties
can have cas cad ing eco sys tem ef fects in flu enc ing their func -
tions. Study ing the re sponses of phytoplankton and zoo plank -
ton to en vi ron men tal changes driven by past cli mate shifts pro -
vides valu able in sights into the adap tive mech a nisms of these
or gan isms. Un der stand ing these re ac tions not only aids in re -
con struct ing his tor i cal cli mate changes but also en hances our
abil ity to pre dict the fu ture im pacts of global warm ing on mod ern 
aquatic eco sys tems. The or gan isms most stud ied in the con text 
of past en vi ron men tal changes in clude di a toms, chi rono mids
and cladocerans, and their re sponses seem to vary sig nif i cantly 
de pend ing on dif fer ent fac tors.

 In this study we con cen trate on anal y sis of subfossil
Cladocera re mains, as these re spond rap idly to cli ma tic events, 
mak ing them valu able in di ca tors of past and pres ent en vi ron -
men tal changes and al low ing us to un der stand the tim ing and
mag ni tude of rapid cli mate events. More over, as pri mary con -
sum ers, they play an im por tant role link ing pri mary pro duc ers to 
higher trophic lev els; thus, changes in Cladocera pop u la tions
can have cas cad ing ef fects on the en tire fresh wa ter eco sys -
tem.

In the past, the lat est marked cli mate shift oc curred dur ing
the tran si tion from the Pleis to cene to the Ho lo cene, ~11,700
years ago. As the tran si tion into the Ho lo cene be gan, tem per a -
tures started to rise, lead ing to rapid warm ing and the sub se -
quent melt ing of gla ciers, with a gen eral in crease in sum mer
tem per a tures of 5–6°C in Eu rope over a few cen tu ries (Heiri et
al., 2014). This cli mate shift from the Late Gla cial to the Ho lo -
cene was not grad ual; rather, it was marked by sev eral rapid cli -
mate phases oc cur ring on mil len nial to cen ten nial scales, such
as the AllerÝd Interstadial and Youn ger Dryas Stadial. Dur ing
these phases, en vi ron men tal up heav als oc curred, lead ing to
sig nif i cant re or gani sa tion of both ter res trial and aquatic biota.
How ever, the in ten sity and im pact of these phases var ied both
across dif fer ent re gions and be tween the phases them selves.
The fast est and most pro nounced bi otic shifts are usu ally re -
lated to the Old est Dryas Stadial/BÝlling Interstadial tran si tion
(~14,700 years BP; Brooks and Heiri, 2013) and the Youn ger
Dryas/Ho lo cene tran si tion (~11,700 years BP; Engels et al.,
2024), that are re garded as a palaeoanalogues of cur rent cli -
mate changes (Stivrins et al., 2016).

In this study, we fo cused on four dis tinct sec tions of the sed -
i men tary pro file ob tained from the £ugi peatland in cen tral Po -
land, spe cif i cally at depths of 327–310 cm (Old est Dry as/BÝl -
ling), 300–270 cm (BÝlling/Older Dryas/AllerÝd), 245–230 cm
(AllerÝd/Youn ger Dryas), and 210–160 cm (Youn ger Dryas -
-Ho lo cene). These sec tions were care fully se lected on the as -
sump tion that they cap ture pe ri ods of rapid cli ma tic and en vi -
ron men tal change. 

Pre vi ous multi-proxy stud ies con ducted at the £ugi peatland 
– in clud ing anal y ses of Cladocera and pol len – have pro vided a
valu able sci en tific foun da tion for this re search (Paw³owski,
2017; Mielczarek, 2018; Forysiak et al., 2023). Build ing on this
back ground, our in ves ti ga tion fo cused pri mar ily on subfossil
Cladocera re mains, sup ple mented by palynological anal y ses.
While the lat ter served chiefly for strati graphic con trol, the cen -
tral ob jec tive was to ex plore how Cladocera as sem blages in
cen tral Po land re sponded to abrupt cli mate shifts dur ing the
tran si tion from the Late Gla cial to the Ho lo cene. Our re search
cen tred on ana lys ing subfossil cladoceran re mains, com ple -
mented by palynological anal y ses. While the lat ter were pri mar -
ily em ployed for strati graphic pur poses, the pri mary aim of the
study was to deepen our un der stand ing of how cladoceran as -
sem blages in cen tral Po land re sponded to rapid cli mate
changes dur ing the cold-warm phases of the Late Gla cial to Ho -
lo cene tran si tion. Ad di tion ally, Cladocera as sem blages from
two sed i ment cores (£-1 and £-2) are com pared to iden tify both
sim i lar i ties and dif fer ences in palaeoenvironmental re sponses.
This com par a tive and res o lu tion-sen si tive ap proach may con -
trib ute to broader in sights in fu ture palaeolimnological re search.

MATERIALS AND METHODS

STUDY SITE

The £ugi peatland is lo cated in the Warta River Val ley sys -
tem in the north of the Sieradz Ba sin, cen tral Po land (Fig. 1).
The lake ba sin formed as a re sult of the cut ting-off of a sec tion
of the Warta Val ley at the end of the Last (Vistulian) Gla ci ation
due to in creased ero sion af ter the Poznañ Phase of the Last
Gla cial Max i mum. The £ugi wet land con sists of two parts, but
only in the west ern one were lac us trine ac cu mu la tions found
(Forysiak, 2012). The west ern part of the wet land cov ers ~28
ha, and the to tal thick ness of biogenic de pos its reaches 3.3 m
(£-2; Rudna and Forysiak, 2023). 

CORING AND SUBSAMPLING

The biogenic de pos its of the £ugi peatland were ini tially
stud ied as part of geo log i cal map ping ef forts (Klatkowa and
Za³oba, 1992). Sub se quent lithological in ves ti ga tions via soun -
dings iden ti fied peat and gyttja de pos its ex ceed ing 2.5 metres
in thick ness at its cen tre. The first £ugi core (£-1) was col lected,
and sam ples were ana lysed for dat ing and pre lim i nary palaeo -
eco logi cal as sess ment (Forysiak, 2012). De tailed anal y ses of
the se quence from £-1, in clud ing pol len, Cladocera, Chirono -
midae, and geo chem i cal stud ies, re vealed that biogenic ac cu -
mu la tion be gan dur ing the Old est Dryas (Forysiak et al., 2023).
This se quence pro vided in sights into en vi ron men tal changes
dur ing the Late Gla cial and Early Ho lo cene.

In this study, we fo cused on the sec ond core (£-2), which
was col lected af ter fur ther re con nais sance in the cen tral part of
the wet land, ~15 metres north-west of the £-1 pro file (Fig. 2).
The £-2 core fea tures a sed i men tary pro file about 335 cm thick
with a slightly dif fer ent strati graphic se quence com pared to the
core £-1. The li thol ogy of the £-2 core pre dom i nantly con sists of
var i ous types of gyttja, with sands con fined to the basal sec tion
of the pro file. From 350–334 cm, the de posit com prises sand of
var i ous grain sizes and or ganic mat ter, transitioning to sand
mixed with or ganic mud be tween 334–327 cm. Above this layer, 
the pro file is dom i nated by gyttja types in the fol low ing se -
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quence: coarse-de tri tal gyttja with sandy ad mix tures from
327–323 cm, de tri tal-cal car e ous gyttja from 323–312 cm, cal -
car e ous gyttja from 312–255 cm, cal car e ous-de tri tal gyttja from 
255–178, and reed peat from 178 cm up wards.

PALYNOLOGICAL ANALYSIS

Pol len sam ples, each 1 cm3 in vol ume, were taken at 1 cm
res o lu tion for anal y sis and pre pared fol low ing the stan dard
chem i cal pro ce dure de scribed by Berglund and Ralska-
 Jasiewiczowa (1986). As a marker to de ter mine the con cen tra -
tion of palynomorphs in the sed i ment, 1 tab let of Lycopodium
(Stockmarr, 1971) was added. The pol len was ana lysed us ing a 
mi cro scope at 400× and 1000× mag ni fi ca tion and rec og nized
based on the avail able lit er a ture (Moore et al., 1991; Beug,
2004). The cal cu la tion sum con sisted of pol len grains of trees
and shrubs (ar bo real pol len AP) and ter res trial her ba ceous

plants (non-ar bo real pol len NAP). Pol len and spores of aquatic
and lo cal telmatic plants were ex cluded from the cal cu la tion
sum. The re sults are shown as a sim pli fied per cent age di a -
gram. Palynological anal y sis was in stru men tal in iden ti fy ing
zones as so ci ated with the cli ma tic phases, in clud ing the Old est
Dryas/BÝlling, BÝlling/Older Dryas/AllerÝd, AllerÝd/Youn ger
Dryas, and the Youn ger Dryas-Ho lo cene bound ary.

CLADOCERA ANALYSIS

The anal y sis of subfossil Cladocera was con ducted on core
sec tions rep re sent ing warm and cold phases dur ing the tran si -
tion from the Late Gla cial to the pres ent inter gla cial (Ho lo cene).
The re search in volved anal y sis of four sec tions of core £-2
(327–310 cm: Old est Dryas/BÝlling; 300–270 cm: BÝlling/Older 
Dryas/AllerÝd; 245–230 cm: AllerÝd/Youn ger Dryas; 210–160
cm: Youn ger Dryas-Ho lo cene bound ary), which, ac cord ing to
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Fig. 1A – lo cal ity of the study site and re gional gla -
cial limit (af ter Marks, 2012): Weichselian Gla ci -
ation: LGM – L(B) – Leszno (Brandenburg) Phase;
B – Dig i tal El e va tion Model of the mid dle course of
the Warta River sys tem (af ter Forysiak et al.,
2023). Max i mum el e va tion 190.5 m a.s.l., min i mum
104.5 m a.s.l. Due to the scale of the map
(1:500,000), it is not pos si ble to dis tin guish the ex -
act po si tions of the £ugi-1 and £ugi-2 cores, which 

are lo cated ~5 metres apart
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pol len anal y sis re sults, align with key cli ma tic shifts be tween
cold and warm phases dur ing the tran si tion from the Late Gla -
cial to the Ho lo cene. The sam pling res o lu tion mainly ranged
from 0.5 to 1 cm. How ever, in lay ers where the ma te rial for anal -
y sis was in suf fi cient, it was nec es sary to re duce the res o lu tion
to 24 cm. Sam ples were pre pared ac cord ing to the stan dard
meth od ol ogy by Frey (1986), which in volves boil ing 1 cm3 of
fresh sed i ment in 10% KOH. The res i due was rinsed through a
38 µm sieve, trans ferred to test tubes, and filled up with dis tilled
wa ter to 10 ml. The fi nal so lu tion was stained with safranin and
a 100 mL vol ume slide was pre pared. For each sam ple, one to
five slides were ana lysed, and at least 100 in di vid u als were
counted (Kurek et al., 2010). All Cladocera re mains were coun -
ted: headshields, shells, postabdomens, postabdominal claws,
and ephippia, us ing a bi o log i cal mi cro scope with mag ni fi ca tions 
of 100×, 200×, and 400×. Spe cies iden ti fi ca tion was car ried out
fol low ing Szeroczyñska and Sarmaja-Korjonen (2007), Sinev
(2020) and Van Damme and Dumont (2008). The re sults of
subfossil Cladocera anal y sis for four core sec tions are shown in 
a per cent age di a gram, in clud ing the ra tio of plank tonic to lit to ral
taxa. The di a gram was plot ted us ing the C2 soft ware (Jug gins,
2007). The vari abil ity in to tal abun dance, spe cies com po si tion,
and in di vid ual fre quency en abled the iden ti fi ca tion of dis tinct
pe ri ods with dif fer ent en vi ron men tal con di tions within the sec -
tions ana lysed. 

The Cladocera data were fur ther ana lysed us ing detrended
cor re spon dence anal y sis (DCA; Hill and Gauch, 1980) to sum -
ma rize en vi ron men tal changes. Rare spe cies con trib ut ing less
than 5% were ex cluded. The anal y sis was per formed in the R
sta tis ti cal soft ware en vi ron ment (R Core Team, 2020) us ing the 
vegan pack age (Oksanen et al., 2015).

RESULTS

POLLEN RECORD

The re sults of the palynological anal y sis are briefly sum ma -
rised in Ta ble 1 and il lus trated in a sim pli fied di a gram in Fig ure
3. The bound aries be tween the sub units iden ti fied re flect the
tran si tions be tween cold and warm phases dur ing the Late Gla -

cial to Ho lo cene tran si tion, in clud ing the Old est Dryas/BÝlling,
BÝlling/Older Dryas/AllerÝd, AllerÝd/Youn ger Dryas phases,
and Youn ger Dryas-Ho lo cene bound ary. 

SUBFOSSIL CLADOCERA ASSEMBLAGES

The re sults of the subfossil Cladocera anal y sis are vi su al -
ized in Fig ure 4. A to tal of 23 spe cies were iden ti fied, with
Cladocera be long ing to four fam i lies – Daphniidae, Bosmini -
dae, Chydoridae and Sididae. Chydorids dom i nated the clado -
ceran as sem blages through out the sed i men tary se quence,
with lit to ral Cladocera pre dom i nantly rep re sented by taxa such
as Chydorus sphaericus and Coronatella rectangula. Across
the four sec tions where Cladocera fauna was ana lysed, their to -
tal abun dance ranged from 100 in di vid u als per cu bic centi metre  
to 6750 ind./cm3. 

SECTION I 

(310–327 cm; OLDEST DRYAS-B�LLING TRANSITION) 

The to tal abun dance of Cladocera ranged from 100 ind./cm3

at ~327 cm depth to 900 ind./cm3 at ~313 cm depth. In this sec -
tion of the core, very few taxa ap peared. How ever, two dis tinct
pe ri ods with dif fer ent Cladocera as sem blages can be dis tin -
guished. The Old est Dryas to the BÝlling phase (sec tion I), is
char ac ter ized by a grad ual in crease in the to tal abun dance of
Cladocera. 

In the lower por tion of the sec tion, cor re spond ing to the Old -
est Dryas, the as sem blage is dom i nated by the lit to ral spe cies
C. rectangula and the pi o neer spe cies Chydorus sphaericus.
Ini tially, C. rectangula is the sole spe cies, but its pro por tion sig -
nif i cantly de clines as Ch. sphaericus be comes more dom i nant.
The up per part of sec tion I (BÝlling be gin ning) is still char ac ter -
ized by the dom i na tion of Ch. sphaericus and C. rectangula but
plank tonic spe cies from the fam i lies Bosminidae and Daphni -
idae be gin to ap pear. The first plank tonic spe cies to emerge is
Bosmina (E.) coregoni, fol lowed by Daph nia longispina and
Bosmina (E.) longispina. At a depth of ~315 cm, B. (E.) longi -
spina and B. (E.) coregoni co-oc cur, af ter which B. (E.) coregoni
dis ap pears from the as sem blage. Af ter its ini tial dis ap pear ance, 
B. (E.) longispina re turns pe ri od i cally, al though only in small
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Fig. 2. Geo log i cal cross-sec tion of the £ugi peatland, in di cat ing the lo ca tion 
of the £-1 and £-2 pro files

The sec tion in cludes dis tinct lay ers of dif fer ent lithologies, as fol lows: 1 – sand of var i ous grain sizes, 2 – sand with biogenic mat ter, 3 – de tri -
tal-cal car e ous gyttja, 4 – de tri tal gyttija, 5 – cal car e ous-de tri tal gyttja, 6 – reed peat, 7 – ae olian sand, 8 – sedge peat with muck, 9 – soil

https://www.r-project.org/index.html
http://CRAN.Rproject.org/package=vegan
https://doi.org/10.1016/j.quascirev.2010.08.008
https://eprints.ncl.ac.uk
https://doi.org/10.1007/BF00048870


num bers. More over, this part of the sec tion is marked by a
grad ual in crease in the share of Acroperus harpae, which
reached 37.5% at a depth of 312 cm, where it co-oc curred ex -
clu sively with Ch. sphaericus (62.5%). 

SECTION II 

(270–300 cm; B�LLING/OLDER DRYAS/ALLER�D TRANSITION)

In this core sec tion, fif teen Cladocera spe cies were iden ti -
fied, be long ing to three fam i lies: Daphniidae, Bosminidae and
Chydoridae. The to tal abun dance of Cladocera ranged from
350 ind./cm3 at 289 cm depth to 3400 ind./cm3 at 282 cm depth
with an in creas ing trend to wards the up per por tion of this core
sec tion. 

In the lower part of core sec tion II, cor re spond ing to the end
of the BÝlling pe riod, the to tal abun dance of Cladocera ranged
from 350 to 1450 ind./cm3, with lit to ral spe cies dom i nat ing the
as sem blage. Ch. sphaericus was the most abun dant spe cies in 

the bot tom layer, ac count ing for up to 83% of the as sem blage at 
a depth of 300 cm. This dom i nance was later re placed by C.
rectangula, which peaked at 81% at a depth of 293 cm.

Cladoceran as sem blages in the mid dle part of the sec tion
re mained dom i nated by C. rectangula with its share rang ing
from 62 to 94%. At that time, plank tonic spe cies also re ap -
peared (a depth of 286 cm), col lec tively ac count ing for just over
6% of the pop u la tion, in clud ing spe cies such as the D.
longispina group and B. (E.) coregoni. The pres ence of Alona
affinis and A. harpae de clined, with these spe cies be ing re -
corded only oc ca sion ally, while the abun dance of Alona
quadrangularis in creased, with this spe cies ap pear ing reg u larly
in this sec tion of the sed i men tary pro file.

In the up per part of sec tion II, cor re spond ing to the on set of
the AllerÝd pe riod, a sig nif i cant in crease in Cladocera spe cies
di ver sity was re corded. The ini tial phase of this pe riod was
marked by a de crease in to tal Cladocera abun dance to 395
ind./cm3 at a depth of 278 cm, ac com pa nied by a re duc tion in
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T a  b l e  1

Pol len chronozones (with brief de scrip tions of the veg e ta tion cover) in re la tion to the Cladocera sec tion

Cladocera
core sec tion

Chronozones Veg e ta tion En vi ron men tal
con di tions

Sec. I

310–327 cm

327 cm

Old est 

Dryas

322 cm

An open, tree less land scape was dom i nated by her ba ceous and shrubby, light-de -
mand ing plant com mu ni ties, with: Helianthemum, Dryas octopetala, Saxifraga
spe cies, and Gypsophila spe cies. The higher veg e ta tion layer was mainly com -
posed of sea buckthorn shrubs (Hippophae rhamnoides), with ju ni per (Juniperus)
also pres ent. Moist hab i tats were oc cu pied by shrub com mu ni ties fea tur ing Betula
nana and Salix. Wide spread sedge mead ows (Cyperaceae) de vel oped

Cold 

BÝlling

285 cm

The veg e ta tion cover has changed with the ap pear ance of sparse pi o neer trees of
Betula and Pinus. The pro por tion of shrubby veg e ta tion, in clud ing ju ni per and
buckthorn, has de clined, while the open land scape with light-de mand ing her ba -
ceous com mu ni ties re mained dom i nant

Im prov ing con di tions
(warm ing)

Sec. II

270–300 cm
Older

Dryas

277 cm

There have been slight changes of the veg e ta tion. The pro por tion of pine has de -
creased, the pres ence of ju ni per bushes has in creased again, while buckthorn has
also re ap peared.

De te ri o ra tion 
of con di tions (cool ing)

AllerÝd

235 cm

The area dom i nated by her ba ceous plant com mu ni ties has de creased (de cline of
NAP). The ju ni per shrubland has di min ished, re placed by the de vel op ing open
birch-pine wood lands. De cline in the pro por tion of plant com mu ni ties com posed of
Betula nana, Salix, and Cyperaceae, which are typ i cally as so ci ated with wet land
hab i tats.

Im prov ing con di tions
(warm ing)

Sec. III

230–245 cm

Youn ger

Dryas

175 cm

The pro por tion of pine de creased, whilst the pres ence of ju ni per bushes in creased
again. Her ba ceous light-de mand ing spe cies re ap pear. Open land scape with abun -
dant ju ni per shrubs and shade-in tol er ant her ba ceous veg e ta tion com mu ni ties
(e.g., Helianthemum, Saxifraga sp.). Large pro por tion of mire, with no ta ble Betula
nana, Sphag num and Cyperaceae.

De te ri o ra tion 
of con di tions (cool ing)

Sec. IV

165–210 cm

Ho lo cene Sig nif i cant change in the veg e ta tion cover, with the ap pear ance of mesophilous
trees and the de vel op ment of for est com mu ni ties.

Im prov ing con di tions
(warm ing)



the pro por tion of C. rectangula to 3–8%. At a depth of 279 cm,
Ch. sphaericus ac counted for 48% of the as sem blage, while A.
quadrangularis com prised 22%. More over, A. harpae, A.
affinis, and Pleuroxus uncinatus were also pres ent. From a
depth of ~275 cm, to tal Cladocera abun dance in creased,
reach ing 2150 ind./cm3. At a depth of 273 cm, the plank tonic
spe cies B. (E.) coregoni, B. (E.) longispina, and Bosmina
longirostris were re corded, with rel a tive abun dances rang ing
from 5 to 29%. The lit to ral spe cies Alonella excisa, Alonella
exigua and Camptocercus rectirostris were also iden ti fied from
this part of the core.

SECTION III 

(230–245 cm; ALLER�D/YOUNGER DRYAS TRANSITION)

Eigh teen spe cies of Cladocera were iden ti fied from three
fam i lies: Daphniidae, Bosminidae and Chydoridae. The to tal
abun dance of Cladocera ranged from 260 ind./cm3 at a depth of 
233 cm to 2400 ind./cm3 at a depth of 235 cm. Be tween six and

thir teen spe cies of Cladocera were re corded in the lower part of
sec tion III. Lit to ral spe cies dom i nated, with their share rang ing
from 92 to 100%. The most abun dant spe cies were Ch. sphae -
ricus, which ac counted for up to 56% at a depth of 238 cm, fol -
lowed by C. rectangula, A. affinis and Pleuroxus trigonellus.

Dur ing the pe riod cor re spond ing to the up per part of sec tion
III, to tal Cladocera abun dance ex pe ri enced a sharp de cline to
260 ind./cm3 (a depth of 233 cm). Lit to ral spe cies con tin ued to
dom i nate, ac count ing for over 90% of the as sem blage, with Ch.
sphaericus be ing the most prev a lent. Key changes in the
Cladocera as sem blage in cluded the dis ap pear ance of A. affinis
and a grad ual in crease in A. harpae. 

SECTION IV 

(160–210 cm; YOUNGER DRYAS-HOLOCENE BOUNDARY)

From this sec tion, twenty spe cies of Cladocera were iden ti -
fied, be long ing to four fam i lies: Daphniidae, Bosminidae,
Chydo ridae and Sididae. The to tal abun dance of Cladocera
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ranged from 355 ind./cm3 at a depth of 203 cm to 6750 ind./cm3

at a depth of 199 cm. In the core lay ers cor re spond ing to the
Youn ger Dryas pe riod (lower part of sec tion IV), the share of
plank tonic spe cies reached a max i mum of 6% at a depth of 210
cm. Lit to ral spe cies still dom i nated, ac count ing for be tween
94% and oc ca sion ally up to 100% of the to tal abun dance. The
num ber of spe cies ranged be tween 8 and 14. Among these,
Ch. sphaericus was the most abun dant, reach ing 67% at a
depth of 209 cm and 27% at a depth of 199 cm, fol lowed by P.
trigonellus (up to ~25%), P. uncinatus (up to ~23%) and A.
quadrangularis (up to ~20%).

Ac cord ing to the re sults of the palynological anal y sis, the
Youn ger Dryas/Preboreal tran si tion could not be cap tured due
to a sed i men tary hi a tus. The up per part of sec tion IV cor re -
sponds to the Bo real pe riod. In this part of sec tion IV, the
Cladocera as sem blage re mained dom i nated by lit to ral spe cies, 
com pris ing from 92 to 100%, with the num ber of spe cies vary -
ing be tween 7 and 20. The to tal abun dance of Cladocera var ied 
from 460 to 3700 ind./cm3. The pe riod cor re spond ing to this
part of the core is marked by a de cline in Ch. sphaericus pro por -
tions to ~10% (at 178 cm), fol lowed by an in crease in sev eral
other taxa, in clud ing A. harpae (reach ing ~19% at 174 cm), A.
quadrangularis (up to ~16% at 170 cm), P. uncinatus (up to
~24%), and C. rectangula (up to ~21%).

In the or di na tion of sam ples, the lengths of DCA Axes 1 and
2 mea sured 2.4 and 1.99 stan dard de vi a tions (SD), re spec -
tively. To gether, these two axes ex plained 67% of the to tal vari -
a tion in the dataset, with Axis 1 ac count ing for 46% and Axis 2
con trib ut ing 21% (Fig. 5). The DCA plot for taxa (Fig. 5A) in di -
cated that C. rectangula had the high est pos i tive score on Axis
1, while P. uncinatus, Graptoleberis testudinaria and B.
longirostris had the low est (neg a tive) score. On Axis 2, B. (E.)
coregoni, A. harpae, B. (E.) longispina, and G. testudinaria
showed the high est scores, whereas A. exigua, A. excisa and
Alona guttata had the low est (neg a tive) scores. The DCA re -
sults for the sam ples (Fig. 5B) re vealed a clear dif fer en ti a tion
be tween the core sec tions ana lysed, high light ing dis tinct shifts
in Cladocera com mu ni ties be tween the sec tions stud ied. The
DCA re sults in di cate a sig nif i cant dif fer en ti a tion among the
sam ples, with the end of Youn ger Dryas and AllerÝd ap pear ing
to be the most closely re lated. The most sig nif i cant shift was ob -
served dur ing the Old est Dryas-BÝlling tran si tion and the
BÝlling/Older Dryas/AllerÝd tran si tions (Fig. 5C).

DISCUSSION

The Cladocera re cord from the £ugi palaeolake il lus trates
how cli mate in di rectly in flu enced the as sem blages. The dy nam -
ics of Cladocera dur ing the Late Gla cial/Ho lo cene tran si tion, as
re vealed by DCA re sults, were pri mar ily driven by two key fac -
tors. The high est pos i tive val ues on DCA Axis 1 are as so ci ated
with C. rectangula, a lit to ral spe cies com monly found among
macrophytes and ca pa ble of tol er at ing a wide range of tem per -
a tures and trophic con di tions (B³êdzki and Rybak, 2016). How -
ever, this taxon typ i cally thrives in cal cium-rich wa ters, sug gest -
ing that DCA Axis 1 (Fig. 5A) likely re flects cal cium con cen tra -
tions in the wa ter col umn and hab i tat avail abil ity. Higher val ues
on this axis in di cate el e vated Ca lev els and a more lim ited
macrophyte struc ture, likely due to the small size of the lake.
DCA Axis 2 is pri mar ily pos i tively as so ci ated with B. (E.)
coregoni, B. (E.) longispina, A. harpae, and G. testudinaria,
while it shows a neg a tive re la tion ship with A. exigua, A. excisa
and A. guttata (Fig. 5A). Axis 2 ap pears to be linked to wa ter pH

and trans par ency, likely as an in di rect con se quence of tem per -
a ture fluc tu a tions, hy dro log i cal changes, and terrestrialization.
More neg a tive val ues cor re spond to lower pH lev els and re -
duced wa ter trans par ency, re flect ing in creased or ganic mat ter
ac cu mu la tion and shifts in aquatic eco sys tem dy nam ics (Fig.
5B, C). 

The ex tent of change within the Cladocera as sem blages as
re sponse to the above fac tors was closely tied to the in ten sity of
en vi ron men tal fluc tu a tions, with more pro nounced changes
lead ing to greater al ter ations in spe cies com po si tion and abun -
dance. This high lights the  adapt abil ity of cladocerans as well as 
their vul ner a bil ity to rapid en vi ron men tal shifts.

ENVIRONMENTAL CHANGES IN RESPONSE TO RAPID
CLIMATE SHIFTS DURING THE LATE GLACIAL/HOLOCENE

TRANSITION FROM SUBFOSSIL CLADOCERA PERSPECTIVE

OLDEST DRYAS/B�LLING TRANSITION 

(SECTION I)

At the end of the Old est Dryas pe riod, Cladocera species in -
dic a tive of high nu tri ent con tent, such as Ch. sphaericus and C.
rectangula (Szeroczyñska, 1985), were dom i nant. How ever,
Ch. sphaericus is a eurytopic spe cies, highly re sil ient, and of ten
dom i nant in chal leng ing con di tions, while C. rectangula can
adapt to both oligotrophic and eutrophic wa ters, typ i cally as so -
ci ated with macrophytes (B³êdzki and Rybak, 2016). The low
abun dance of these spe cies and lack of other taxa, there fore,
sug gests rather lim ited nu tri ent avail abil ity and un fa vour able
con di tions for Cladocera fauna de vel op ment. DCA anal y sis
(Fig. 5C) re vealed that this pe riod was char ac ter ized by higher
pH lev els, likely slightly al ka line, as sup ported by chi rono mid
anal y sis (Forysiak et al., 2023). We in fer that, dur ing this pe riod, 
the £ugi Lake was a shal low waterbody per haps with some
macrophyte pres ence, but its sur face area was lim ited, re strict -
ing hab i tat avail abil ity. A lim ited num ber of spe cies and their low 
abun dance may have re sulted from harsh en vi ron men tal con di -
tions, driven by pro longed ice cover and lim ited food avail abil ity. 
As the BÝlling pe riod ap proached, warm ing led to im proved
edaphic con di tions, as shown by pol len data, which in turn fa cil i -
tated the ap pear ance of ad di tional Cladocera spe cies. How -
ever, de spite the over all warm ing, con di tions re mained rel a -
tively cold. The pres ence of A. harpae, an “arc tic spe cies”
along side Ch. sphaericus in di cates per sis tent cold con di tions,
while the low spe cies di ver sity sug gests that the en vi ron ment
was still un fa vour able. This may have been due to the sup ply to
the palaeolake of cold ground wa ter. This is fur ther sup ported by 
the pres ence of D. longispina, a spe cies char ac ter is tic of cold
wa ters (Szeroczyñska and Zawisza, 2011). These un fa vour -
able con di tions are also re flected in the over all low trophic state
of the eco sys tem, as sug gested by the pres ence of taxa fa vour -
ing low nu tri ent con tents, such as B. (E.) longispina (Zawiska,
2021) and B. (E.) coregoni (Miotk-Szpiganowicz and Niska,
2008). 

At the be gin ning of the BÝlling pe riod, the first plank tonic
taxa – B. (E.) coregoni and B. (E.) longispina – ap peared, in di -
cat ing an in crease in wa ter depth, likely driven by ris ing mois -
ture avail abil ity (Naughton et al., 2023). More over, their pres -
ence may also sug gest a pro longed open-wa ter sea son, po ten -
tially due to a shorter ice-cover du ra tion. How ever, the en vi ron -
men tal con di tions dur ing the on set of the BÝlling pe riod ap pear
to have been un sta ble, par tic u larly in terms of tem per a ture and
wa ter lev els, lead ing to abrupt dis rup tions in Cladocera as sem -
blage. Shortly af ter the en vi ron men tal con di tions im proved, the
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wa ter body re verted to an ear lier state ob served at the be gin -
ning of the sec tion stud ied, where Ch. sphaericus and C.
rectangula once again dom i nated. 

 An ini tial warm ing phase was fol lowed by a pe riod of cool -
ing, as shown by the Cladocera re cord, which shows the re ap -
pear ance of B. (E.) longispina and A. harpae. Shortly there af ter, 
B. (E.) longispina dis ap pears, while the pro por tion of A. harpae
de clines, co in cid ing with the emer gence of C. rectirostris, a
spe cies fa vour ing warmer and clearer wa ters (Szeroczyñska
and Zawisza, 2011). 

B�LLING/OLDER DRYAS/ALLER�D TRANSITIONS

(SECTION II)

Dur ing the BÝlling/Older Dryas/AllerÝd in ter val, the thermo -
philic spe cies P. trigonellus was pres ent through out the en tire
sec tion, in di cat ing higher wa ter tem per a tures com pared to the
early BÝlling pe riod. How ever, the co-oc cur rence of P. trigo -
nellus with A. affinis and A. harpae – spe cies from the “arc tic
spe cies” group (White side, 1970) – sug gests rather a mod er -
ately cool cli mate. Sim i larly to the Old est Dryas/BÝlling tran si -

tion (sec tion I), there was a no tice able dom i nance of spe cies
ap pear ing rather in shal low wa ters, such as Ch. sphaericus and
C. rectangula. 

Ini tially, Ch. sphaericus dom i nated, but as the bound ary be -
tween the BÝlling and Older Dryas ap proached, it was quickly
re placed by C. rectangula. This shift in dom i nance may have
been linked to changes in wa ter chem is try, as re flected by
DCA1 and DCA2. C. rectangula thrives in cal cium-rich en vi ron -
ments, and a de cline in cal cium lev els could have con trib uted to 
the de crease in its pop u la tion (Shapiera et al., 2011). This in ter -
pre ta tion is fur ther sup ported by the in creased CaCO3 con tent
in the de pos its from the £-1 core, as re ported by Forysiak et al.
(2023) dur ing the BÝlling-AllerÝd interstadial. This in crease in
Ca con tent has been at trib uted to changes in wa ter sup ply,
driven by a higher in flux of ground wa ter. Such con di tions cre -
ated a fa vour able en vi ron ment for the de vel op ment of C.
rectan gula, which com peted with Ch. sphaericus.

The shal low-wa ter na ture of the waterbody is fur ther cor rob -
o rated by the ab sence of plank tonic spe cies up to a core depth
of 291 cm. At this depth, B. (E.) longispina re ap pears, sug gest -
ing a rise in wa ter lev els, likely due to re duced evap o ra tion as -
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so ci ated with cooler con di tions. This pe riod co in cided with a de -
cline in to tal Cladocera abun dance (~350 ind./cm3), as so ci ated
with the on set of short-term cool ing linked to the Older Dryas.
Ev i dence of this tem per a ture drop is re flected in pol len re cords
as an in creased pres ence of ju ni per shrubs. The re sponse of
Cladocera has been re corded slightly ear lier than that of veg e -
ta tion, due to their high sen si tiv ity and rapid adapt abil ity to en vi -
ron men tal changes. Af ter a brief cool ing pe riod re lated to the
Older Dryas, en vi ron men tal con di tions grad u ally im proved, as
in di cated by the Cladocera re cord. This warm ing trend is re -
flected in the emer gence of A. quadrangularis and C. rectiro -
stris, spe cies that fa vour higher wa ter tem per a tures (Szero -
czyñska, 1985; Szeroczyñska and Zawisza, 2007). Con cur -
rently, the to tal abun dance of Cladocera in creased (the mid dle
part of sec tion II), sug gest ing en hanced eco sys tem pro duc tiv -
ity. Ad di tion ally, the im proved ther mal re gime pro moted the
growth of aquatic veg e ta tion, cre at ing fa vour able hab i tats for
Eurycercus lamellatus, which thrives in plant-rich en vi ron ments
(Zawisza and Cedro, 2012). 

Fur ther im prove ment in edaphic con di tions was as so ci ated
with the on set of the AllerÝd pe riod (up per part of sec tion II).
The ap pear ance of thermophilic spe cies such as A. quadran -
gularis and P. uncinatus, clearly in di cates higher wa ter tem per -
a tures and, con se quently, a warm ing cli mate (Szeroczyñska
and Zawisza, 2007). The dom i nance of Ch. sphaericus, cou -
pled with a sig nif i cant in crease in the share of A. quadran -
gularis, sug gests a rise in trophic lev els within the wa ter body
(B³êdzki and Rybak, 2016; Zawiska, 2021). The de cline in C.
rectangula, a spe cies sen si tive to acid i fi ca tion (SandÝy and
Nilssen, 1986), may in di cate a de crease in wa ter al ka lin ity. Ad -
di tion ally, the pres ence of A. excisa and A. exigua, which pre fer
lower pH con di tions, fur ther sup ports this in ter pre ta tion (Szero -
czyñska and Zawisza, 2007). The oc cur rence of plank tonic
spe cies sug gests the de vel op ment of a pe lagic zone and a
slight deep en ing of the wa ter body. The sig nif i cant pres ence of
A. quadrangularis and A. harpae in di cates well-de vel oped sub -
merged veg e ta tion (Szeroczyñska and Zawisza, 2007), re flect -
ing rel a tively sta ble con di tions in the lit to ral zone of the lake.

ALLER�D/YOUNGER DRYAS TRANSITION 

(SECTION III)

The AllerÝd/Youn ger Dryas tran si tion was a pe riod of
abrupt cli mate change that caused sig nif i cant shifts in both ter -
res trial and aquatic eco sys tems. In the £ugi re cord, pro gres sive 
cool ing was in di cated by a de cline in the pro por tions of Pinus,
Betula nana, Salix, and Cyperaceae, along with a ris ing prev a -
lence of ju ni per bushes. 

The Cladocera re cord sug gests that the late AllerÝd pe riod
was char ac ter ized by low wa ter lev els at the £ugi site, as shown 
by the dom i nance of lit to ral spe cies and a min i mal pres ence of
plank tonic spe cies. This in di cates that hab i tat con di tions were
likely shal low, with lim ited open wa ter zones, fa vour ing spe cies
adapted to lit to ral and ben thic en vi ron ments. The pres ence of
spe cies typ i cally found in both oligo-mesotrophic and eutrophic
wa ters, along with higher to tal Cladocera abun dance in di cates
that the wa ter body was likely mesotrophic dur ing that pe riod.
Higher lake pro duc tiv ity is also seen from geo chem i cal in di ces
and an in creased or ganic mat ter con tent, as ob served in a pre -
vi ously ana lysed core from £ugi (Forysiak et al., 2023). 

The pres ence of thermophilic spe cies of the ge nus Pleuro -
xus cou pled with the cold-tol er ant Eurycercus spp. (Niska and
Miros³aw-Grabowska, 2015), sug gests a mod er ately warm cli -
mate. The warm cli mate may also have fa voured the oc cur -
rence of A. guttata, and A. quadrangularis (Harmsworth, 1968;

Szeroczyñska and Zawisza, 2007). The pres ence of the lat ter
spe cies may also be re lated to the in creased avail abil ity of re -
sources, par tic u larly food (Szeroczyñska, 1985; Zawiska,
2021). 

At the tran si tion to the Youn ger Dryas (sec tion III, up per
part), there was a slight in crease in the pro por tion of plank tonic
spe cies such as D. longispina-group and B. (E.) longispina.
This shift likely in di cates an ex pan sion of the open wa ter zone,
pos si bly driven by a rise in wa ter lev els. A sim i lar sce nario of in -
creased wa ter lev els has been ob served at other sites, likely
driven by re duced evap o ra tion (Starkel et al., 1998; Ga³ka et al., 
2015). 

The ev i dence of cool ing is re flected by a de crease in the
pro por tions of P. trigonellus and A. quadrangularis (Szero -
czyñska and Zawisza, 2007; Rybak and B³êdzki, 2010), ac com -
pa nied by a con cur rent in crease in A. harpae (White side, 1970;
Szeroczyñska and Zawisza, 2011), sug gest ing a shift in eco log -
i cal con di tions fa vour ing spe cies better adapted to cooler en vi -
ron ments.

At the be gin ning of the Youn ger Dryas, an in crease in the
pro por tion of spe cies as so ci ated with aquatic veg e ta tion, such
as G. testudinaria and C. rectirostris (Fryer, 1968; Rybak and
B³êdzki, 2010; Zawisza and Cedro, 2012), be comes ev i dent.
The grow ing den sity of aquatic veg e ta tion within the eco sys tem
may have cre ated more di verse and sta ble microhabitats, pro -
mot ing colo nis ation by these spe cies. More over, the ex pan sion
of veg e ta tion could have pos i tively in flu enced wa ter qual ity, for
in stance, by en hanc ing ox y gen a tion, which in turn may have fa -
cil i tated the ap pear ance of B. (E.) longispina. At the on set of the 
Youn ger Dryas, a slight de crease in trophic lev els may have oc -
curred, in di cated by a re duced pres ence of C. rectangula
(Rybak and B³êdzki, 2010) and a lower to tal Cladocera sum.
How ever, this de cline in trophic state was likely mi nor, as spe -
cies char ac ter is tic of oligotrophic to eutrophic wa ters re mained
pres ent.

YOUNGER DRYAS-HOLOCENE BOUNDARY 
(SECTION IV)

Palynological data in di cate the pres ence of a strati graphic
gap in the up per part of sec tion IV. The sed i men tary pro file £-2
con tains a hi a tus. The sam ples clas si fied as Ho lo cene cor re -
spond rather to the Bo real pe riod, with the Pre-Bo real pe riod
prob a bly ab sent.

The late Youn ger Dryas was char ac ter ized by a low over all
sum of Cladocera. The num ber of spe cies was slightly higher
than at the be gin ning of the Youn ger Dryas (up per part of sec -
tion III) sug gest ing more fa vour able con di tions. The pro por tion
of plank tonic spe cies – D. longispina group and B. (E.)
longispina – re mained low, sug gest ing a lack of sig nif i cant fluc -
tu a tions in wa ter lev els. There were higher shares of A. excisa
and A. guttata, along with the ap pear ance of A. exigua. All three 
spe cies are re sis tant to low pH (Zawiska, 2021), which, com -
bined with DCA re sults, sug gests a sub tle de crease in wa ter
pH, likely con nected with the de vel op ment of peatlands along
the lake shore. 

Just be fore the Ho lo cene bound ary, there is a no ta ble in -
crease in B. (E.) longirostris, along with a grad ual rise in A.
harpae and A. affinis. Ad di tion ally, P. uncinatus ap pears for the
first time, sig nal ling a warm ing trend. The Bo real pe riod in this
pro file is char ac ter ized by an in crease in the to tal Cladocera
sum, in di cat ing im proved liv ing con di tions for a greater num ber
of cladocerans. This growth likely re sulted from an in creased
avail abil ity of re sources such as food and hab i tats. The emer -
gence of C. rectirostris, the in creas ing pres ence of G. testu -
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dinaria, and the re ap pear ance of the thermophilic spe cies Sida
crystallina (Rybak and B³êdzki, 2010) fur ther sug gest a sig nif i -
cant rise in wa ter tem per a ture (Szeroczyñska and Zawisza,
2007). The struc ture of Cladocera as sem blages also in di cates
the ex pan sion of veg e ta tion, fa cil i tat ing the de vel op ment of
macrophyte-as so ci ated taxa, in clud ing C. rectirostris (Rybak
and B³êdzki, 2010).

INTRA-SITE COMPARISON OF CLADOCERA ASSEMBLAGES
 IN THE £UGI PEATLAND: CORE 

ANALYSIS PERSPECTIVES

A pre vi ous anal y sis of Cladocera from the £ugi site was
con ducted on core £-1, with a res o lu tion rang ing from 10 cm
(Paw³owski, 2017) to 5 cm (Forysiak et al., 2023). The anal y sis
of subfossil Cladocera re mains in cores £-1 and £-2 re vealed
mi nor dif fer ences in spe cies com po si tion and the dy nam ics of
taxa in re sponse to en vi ron men tal changes. These dif fer ences
pri mar ily stem from vari a tions in an a lyt i cal res o lu tion, as well as
from lo cal depositional and hy dro log i cal con di tions. None the -
less, they do not sig nif i cantly af fect the in ter pre ta tion of en vi ron -
men tal and cli ma tic con di tions.

Higher-res o lu tion anal y sis in £-2 al lowed for the iden ti fi ca -
tion of more taxa, in clud ing Unapertura latens, Alonopsis elon -
gatus, Alona rustica and A. quadrangularis, which were not
iden ti fied in £-1. Plank tonic spe cies also ap peared ear lier and
per sisted lon ger in £-2, par tic u larly dur ing the BÝlling and Youn -
ger Dryas, while they re mained scarce in £-1. These dif fer -
ences likely re flect lo cal vari a tions in macrophyte struc ture and
hy dro log i cal con di tions in dif fer ent parts of the waterbody. 

Dis par i ties in Cladocera pop u la tion dy nam ics sug gest that
en vi ron men tal changes were not uni form across the site.

In £-2, the the Old est Dryas-BÝlling tran si tion was marked
by un sta ble con di tions, while in £-1, these changes were less
clearly re flected in the Cladocera re cord. 

No ta ble dif fer ences in sed i ment com po si tion be tween the
two cores dur ing the Old est Dryas sec tions re flect vari a tions in
depositional con di tions. In core £-2, finer, car bon ate-rich sed i -
ments formed un der higher wa ter lev els with low en ergy, which
is re flected in the Cladocera re cord. The ab sence of plank tonic
taxa in this core cor re sponds to the de po si tion of coarser par ti -
cles, whereas the pres ence of finer sed i ments aligns with
Cladocera ev i dence in di cat ing a deep en ing of the wa ter. In con -
trast, core £-1 did not ex hibit these pat terns, with a per sis tent
lack of plank tonic taxa sug gest ing dis tinct hy dro log i cal con di -
tions in ar eas lack ing plank tonic taxa. 

The re sponse of Cladocera to the tran si tion to Alle -
rÝd/Youn ger Dryas also var ied. Pre vi ous lower-res o lu tion stud -
ies (£-1) sug gested that this pe riod was char ac ter ized by an in -
crease in lit to ral and eutrophic spe cies, in clud ing B. longi ro stris, 
point ing to higher trophic lev els. How ever, higher-res o lu tion
data from £-2 showed a de cline in both spe cies abun dance and
fre quency at the on set of the Youn ger Dryas, con trast ing with
the more grad ual changes ob served in £-1. Ad di tion ally, G.
testudinaria was sig nif i cantly more abun dant in £-2 through out
the Youn ger Dryas, whereas it ap peared in £-1 only just be fore
the tran si tion (Paw³owski, 2017; Forysiak et al., 2023).

High-res o lu tion anal y ses re vealed tem po rary dis ap pear -
ance of A. affinis, in con trast to its con tin u ous pres ence in the
£-1 core. This sug gests lo cal ized vari a tions in en vi ron men tal
con di tions dur ing this pe riod. Pre vi ous stud ies (core £-1) in di -
cate that the late Youn ger Dryas was marked by the ab sence of
plank ton spe cies, a de cline in Cladocera pop u la tions, and de te -
ri o rat ing con di tions for their de vel op ment. 

The re sults from the £-2 core sug gest that the end of the
Youn ger Dryas pro vided rel a tively fa vour able con di tions for
Cladocera de vel op ment, as shown by the pres ence of both
plank tonic and pre vi ously un re corded spe cies. Ad di tional dif fer -
ences in clude the pres ence of the stenothermal spe cies S.
crystallina in £-2 dur ing the Youn ger Dryas, a spe cies ab sent in
£-1. Mean while, A. excisa per sisted through out this pe riod in
£-2 but dis ap peared in £-1 be fore the tran si tion to the Ho lo cene.

The con tin ued pres ence of A. quadrangularis in £-2, de spite 
its ab sence in £-1, fur ther em pha sizes dif fer ences in eco log i cal
con di tions be tween the two cores. 

The ob served dis crep an cies likely re sult from a com bi na tion 
of an a lyt i cal res o lu tion, site-spe cific en vi ron men tal con di tions,
and sedimentological dif fer ences. A broader com par i son with
other peatland sites in the £ódŸ re gion (e.g., ¯abieniec, Paw³o -
wa, Korzeñ) con firms that lo cal hy dro log i cal and geomorpho -
logical con di tions played a key role in shap ing Cladocera as -
sem blages, de spite sim i lar re gional cli ma tic trends dur ing the
Late Gla cial and Early Ho lo cene (Rudna and Forysiak, 2023). 

REACTION OF AQUATIC BIOTA TO CLIMATE-INDUCED
ENVIRONMENTAL CHANGES DURING THE LATE

GLACIAL/HOLOCENE TRANSITION IN POLAND 

Many aquatic or gan isms, in clud ing di a toms, chi rono mids,
and ostracods, are well known for their sen si tiv ity to abrupt cli -
ma tic shifts as so ci ated with the Late Gla cial/Ho lo cene tran si -
tion. Sim i larly to cladocerans, they re sponded to vari a tions in
tem per a ture, pre cip i ta tion, and nu tri ent avail abil ity. 

Cold phases of the Late Gla cial were gen er ally marked by
low spe cies di ver sity and abun dance in aquatic com mu ni ties,
al though the in ten sity of eco log i cal re sponse var ied de pend ing
on the mag ni tude of cool ing. These pe ri ods, as ob served in the
Cladocera re cord, were dom i nated by cold-tol er ant taxa. For
ex am ple, Corynocera ambigua dom i nated chi rono mid as sem -
blages in the £ugi site at the end of the Old est Dryas (Forysiak
et al., 2023), sug gest ing oligo- to mesotrophic con di tions, a pat -
tern also re corded at other cen tral Pol ish sites (P³óciennik et al., 
2020). 

In ter est ingly, chi rono mid re cords of ten show higher to tal
abun dance dur ing the Old est Dryas than in the Ho lo cene, point -
ing to pos si ble ad di tional en vi ron men tal con straints not cap -
tured in the Cladocera data. Ad di tional ev i dence of harsh con di -
tions is pro vided by the Niechorze ba sin (north ern Po land),
where di a tom as sem blages were dom i nated by lit to ral Fra -
gilaria, and Ch. sphaericus was the only cladoceran re corded –
both sug gest ing ex tremely oligotrophic en vi ron ments (Marci -
niak, 1981; Szeroczyñska, 1985). These dif fer ences may be at -
trib uted to re gional vari a tion, in clud ing prox im ity to the ice-sheet 
mar gin (Miros³aw-Grabowska and Zawisza, 2018). Brief cold
events like the Older Dryas are rarely cap tured in sed i men tary
re cords but, when pres ent, are typ i cally dom i nated by cold-
 adapted Cladocera such as Ch. sphaericus, A. harpae and A.
affinis (Szeroczyñska, 1985). In the £-2 core, as sem blages re -
main spe cies-poor, in line with most re gional data (Rudna et al.,
2023). 

The Youn ger Dryas is again char ac ter ized by low clado -
ceran di ver sity, with cold-tol er ant taxa pre vail ing un der un sta ble 
en vi ron men tal con di tions (Szeroczyñska, 1985; Antczak- Orle -
wska et al., 2023; Rudna et al., 2023). Im por tantly, this pe riod is
rec og nized for its in ter nal cli ma tic vari abil ity — it be gan with an
in tense cold phase and ended with a grad ual tran si tion to ward
milder con di tions (P³óciennik et al., 2020; Rudna et al., 2023).
Sur vival strat e gies such as ephippia pro duc tion were com mon
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among cladocerans, en abling per sis tence through harsh con di -
tions (Szeroczyñska and Zawisza, 2011). Chi rono mid and
ostra cod as sem blages re flect sim i lar eco log i cal pres sures, with 
dom i nance of cold-adapted spe cies such as Microtendipes
pedellus-type, Micropsectra, Tanytarsus lugens-type, Candona 
candida and Fabaeformiscandona protzi (Kulesza et al., 2008;
de Mendoza et al., 2024). Di a tom data fur ther sup port this in ter -
pre ta tion, show ing in creased abun dance of small taxa such as
Staurosira and Staurosirella, typ i cal of cold, oligotrophic con di -
tions (Ga³ka et al., 2015). Dur ing the BÝlling, AllerÝd, and early
Ho lo cene, shifts to ward more thermophilic spe cies are ev i dent.
While the BÝlling is sel dom ad dressed, the AllerÝd and Early
Ho lo cene have been widely ana lysed. The AllerÝd interstadial
shows a biphasic char ac ter, with a cooler early phase and a
warmer late phase, re flected in both cladoceran and chi rono -
mid as sem blages (Antczak-Orlewska et al., 2023). Warmer in -
ter vals are as so ci ated with an in crease in tem per ate taxa such
as Polypedilum spp. and Chironomus plumosus-type (Kulesza
et al., 2008). How ever, di a tom re cords from the late AllerÝd
sug gest that in creased tem per a tures did not al ways cor re -
spond with el e vated pri mary pro duc tiv ity. As sem blages re -
mained dom i nated by small ben thic taxa, in di cat ing that fac tors
such as nu tri ent lim i ta tion or shifts in al gal com mu ni ties may
have con strained pro duc tiv ity de spite warm ing (Müller et al.,
2021).

Dur ing the Youn ger Dryas, cladoceran, chi rono mid, and
ostracod re cords in di cate a pro nounced re sponse to the the
Youn ger Dryas-Ho lo cene bound ary that rep re sents a ma jor
eco log i cal tran si tion (P³óciennik et al., 2020; Müller et al., 2021;
Rudna et al., 2023). Cladoceran data typ i cally show a sharp in -
crease in spe cies rich ness and abun dance, along with the ap -
pear ance of stenothermic taxa. Wind-in duced tur bu lence and
changes in wa ter col umn sta bil ity may also ex plain some of the
bi otic shifts ob served in both cladoceran and di a tom as sem -
blages (S³owiñski et al., 2017).

CONCLUSIONS

The study of Cladocera as sem blages from the Old est
Dryas to the Ho lo cene il lus trates how fluc tu a tions in cli mate,
par tic u larly dur ing key tran si tional pe ri ods, played a cru cial role
in shap ing biodiversity and abun dance, driven by changes in
wa ter depth, chem is try, tem per a ture and nu tri ent avail abil ity.

· The Old est Dryas/BÝlling tran si tion: the Old est Dryas pe -
riod was cold and nu tri ent-poor, lim it ing spe cies di ver sity. As
the BÝlling pe riod ap proached, wa ter depth in creased slightly,
but con di tions re mained cold, with spe cies such as A. harpae
in di cat ing per sis tent cold wa ter and low nu tri ent lev els.

· Dur ing the BÝlling/Older Dryas/AllerÝd tran si tions, warm -
ing was in di cated by P. trigonellus, though co ex ist ing cold-
 adapted spe cies sug gested a mod er ately cool cli mate. A shift
from Ch. sphaericus to C. rectangula re flected chang ing wa ter
chem is try while, af ter short-term cool ing, Cladocera abun dance 
and aquatic veg e ta tion in creased. The on set of the AllerÝd pe -
riod led to im proved edaphic con di tions, higher wa ter tem per a -
tures, in creased trophic lev els, and changes in spe cies com po -
si tion, in di cat ing a warm ing cli mate, de creased wa ter al ka lin ity,
and the de vel op ment of a pe lagic zone with well-es tab lished
sub merged veg e ta tion.

· The AllerÝd/Youn ger Dryas tran si tion: the late AllerÝd was 
char ac ter ized by low wa ter lev els, fa vour ing lit to ral spe cies. As
the Youn ger Dryas be gan, cool ing was in di cated by a shift to -
wards plank tonic spe cies and cold-tol er ant spe cies. In creased
veg e ta tion pro vided sta ble hab i tats.

· The Youn ger Dryas-Ho lo cene bound ary: the late Youn ger
Dryas had low Cladocera abun dance, but con di tions im proved
to wards its end with ris ing tem per a tures and more di verse veg -
e ta tion. Thermophilic spe cies re ap peared, sig nal ling warmer
wa ter and better liv ing con di tions for Cladocera. 

Cladocera anal y sis from the £ugi site re vealed some dif fer -
ences be tween cores £-1 and £-2, in flu enced by an a lyt i cal res o -
lu tion and lo cal hy dro log i cal con di tions. The higher-res o lu tion
data from £-2 iden ti fied more taxa, showed ear lier plank tonic
spe cies ap pear ances, and in di cated stron ger en vi ron men tal
shifts, par tic u larly dur ing the Youn ger Dryas. These find ings
high light the lo cal ized na ture of en vi ron men tal changes and
em pha size the im por tance of high-res o lu tion anal y sis in cap tur -
ing spe cies dy nam ics more ac cu rately.

The re sponse of biota to cli mate changes is di verse and de -
pends on many fac tors, such as nu tri ent avail abil ity, eco sys tem
struc ture changes and re gional en vi ron men tal con di tions. This
is why we do not al ways ob serve the ex pected sig nals in re -
sponse to warm ing or cool ing events. For ex am ple, de spite the
rise in tem per a tures dur ing the late AllerÝd, as noted in di a tom
stud ies, there was no in crease in pro duc tiv ity (Müller et al.,
2021). This could have been due to lim ited nu tri ent avail abil ity
or a shift in the al gal com mu nity, where other groups of al gae
not ana lysed in the study may have be come dom i nant. There -
fore, un der stand ing the re ac tions of or gan isms to en vi ron men -
tal changes is cru cial for better com pre hend ing the com plex ity
of their re sponses to cli mate change and pre dict ing fu ture eco -
log i cal pro cesses.
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