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Linear water column stratification and euphotic depth
determine the number of phytoplankton taxa that create
biomass peaks in a hypertrophic oxbow lake
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Abstract The mixing regime, the spatial distribu-
tion of nutrients and light determine the distribution
of phytoplankton in lakes to a large extent. Linear
stratification is a unique phenomenon among the
various forms the lakes can stratify, representing a
continuous and gradual water temperature decrease
with depth. Here, we aimed to understand how mix-
ing, nutrient and light affect the vertical distribution
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of phytoplankton in the case of linear water column
stratification using the taxonomic and functional
group approaches. We sampled phytoplankton and
physical and chemical variables in the Malom-Tisza
oxbow lake (Hungary) monthly from May to Septem-
ber between 2007 and 2009. Our results revealed that
multiple biomass peaks of taxa belonging to distinct
phytoplankton functional groups could develop in
response to the strong linear stratification of the water
column. Although several different species repre-
sented the functional groups, only one or two species
developed the peaks. Light irradiance did not influ-
ence the vertical distribution of biomass and taxo-
nomic richness of phytoplankton, but the depth of the
euphotic zone determined the number of distinct bio-
mass peaks. We found that diversity indices could not
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reflect the phytoplankton compositional differences
well in the case of linear stratification, but similarity
indices calculated among water column layers.

Keywords Community change rate -
Microhabitats - Phytoplankton biomass - Spatial
segregation - Vertical distribution

Introduction

Most of the solar radiation penetrating the water rap-
idly attenuates in a thin layer, resulting in the absorp-
tion of heat in the uppermost part of the lakes’ water
column (Wetzel, 2001). This phenomenon and the
temperature dependence of water density can result in
the thermal stratification of standing waters (Dodds &
Whiles, 2010). Differences in the individual charac-
teristics of lakes, like heating and mixing by diverse
climatic variations, the volume of inflow and outflow
in relation to the volume of the basin, surface area
and fetch length, or differences in the wind speed, can
result in distinct stratification patterns both at tempo-
ral and spatial scales (Wetzel, 2001; Kalff, 2002).
Although phytoplankton biomass concentrates
usually in the uppermost, well-illuminated and well-
mixed epilimnion, depending on the light availabil-
ity, phytoplankton occasionally develops persistent
assemblages in the metalimnion and even in the
hypolimnion of stratified oligotrophic lakes (Wetzel,
2001; O’Sullivan & Reynolds, 2008). The strong
water density gradient in the metalimnion can result
in large physical stability. Accordingly, disruption
of the metalimnion requires a substantial amount
of energy and it functions like other strong barriers
including for example the lake bottom in shallow, fer-
tile lakes (Gliwicz, 1979). This relative strong stabil-
ity enables the development of other clinal patterns
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beyond the thermocline, such as chemocline or oxy-
cline. In the metalimnion (or hypolimnion) of oligo-
trophic stratified lakes, a so-called deep chlorophyll
maximum (DCM) can develop if the euphotic depth
exceeds the depth of the epilimnion and reaches
the metalimnion or the upper layer of hypolimnion
(Camacho, 2006). The DCMs are mainly formed by
species able to actively regulate their position in the
water column by flagella (e.g. cryptophytes, dino-
flagellates) or by other buoyancy regulating mecha-
nisms like creation of gas vesicles (e.g. Cyanobacte-
ria). Interestingly, besides Cyanobacteria (Pannard
et al., 2015; Selmeczy et al., 2016) and cryptophytes
(Camacho et al., 2001), non-motile species, e.g. dia-
toms (Coon et al., 1987; Barbiero & Tuchman, 2001)
or chlorococcaleans (Larson et al., 1987; Krienitz &
Scheffler, 1994) can also develop DCMs. According
to Camacho (2006), different mechanisms can under-
lie DCM formation. The main driver is water column
stability, which determines the thermal, density and
chemical gradients in a lake (Kalff, 2002), as well as
the persistent stratification with opposing vertical gra-
dients of light and nutrients (Klausmeier & Litchman,
2001; Pannard et al., 2015). Further possible mecha-
nisms are grazing (Pannard et al., 2015), the passive
sinking of epilimnetic species (Camacho, 2006),
in situ growth of phototrophs (Camacho, 2006) and
the symbiotic association of algae with protozoa
(Queimalifios et al., 1999).

In dimictic lakes, the metalimnion is usually a rela-
tively thin layer, but this is not necessarily the case
in all lakes. Small lakes with relatively short fetch,
large depth, high seasonal temperature variation and
with the lack of diurnal temperature fluctuation, a
so-called linear stratification pattern may develop
(Wetzel, 2001). It is, however, a rarely observed phe-
nomenon in nature. In the case of linear stratification,
the well-mixed epilimnion is missing and water tem-
perature gradually decreases with depth. Accordingly,
the entire water column belongs to the metalimnion
(Wetzel, 2001) with stable spatial segregation in envi-
ronmental variables (Fig. 1; Kufel & Kalinowska,
1997). For photosynthetic organisms, linear layering
practically means distinct niche spaces, in which vari-
ous phytoplankton species may find their optima for
growth. It may coincide with species replacements
and abrupt phytoplankton compositional changes in
the composition of the adjacent vertical layers (Borics
etal., 2011).
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Fig. 1 Theoretical spatial segregation of environmental fac-
tors. Black arrows demonstrate the distinct niche spaces

While most dimictic lakes have a classical three-
layer stratification pattern in Hungary, linear stratifi-
cation can also develop in some cases (Borics et al.,
2015). One excellent example for the linear stratifi-
cation pattern is the summer water temperature pro-
file of the hypertrophic Malom-Tisza oxbow (max.
depth: ~ 10 m; Krasznai et al., 2010) with diverse phy-
toplankton assemblages (Gorgényi et al., 2019). Tem-
perature profiles of the Malom-Tisza oxbow imply a
near-linear stratification of the water column in sum-
mer (Borics et al., 2015). The thickness of the surface
mixed layer is negligible and almost the whole water
column may belong to the metalimnion. Water col-
umn stability measured by the calculation of the Lake
Number—‘Ly’ (Read et al., 2011), which is calcu-
lated based on the vertical temperature profile, indi-
cated an extremely stable summer stratification for
the Malom-Tisza oxbow (Ly~ 120).

Former studies revealed a very diverse microflora
for Malom-Tisza oxbow (Krasznai et al., 2010; Gor-
gényi et al., 2019), which refers to large habitat diver-
sity within the lake. Patchy distribution of some taxa
was shown previously (Borics et al., 2011) but the
rate of species or functional group turnover between
the adjacent layers, and the temporal pattern of the
dominating groups in the various layers have not been
analysed numerically.

In this study, we aimed to highlight a strong rela-
tionship between the linear stratification pattern
and the compositional differences of phytoplankton
among layers. Since linear stratification may enable
the development of persistent vertical environmental
gradients, we hypothesised that

(i) the physically stable metalimnion enables the
spatial segregation of coexisting assemblages;

(i) nutrients and irradiance strongly influence bio-
mass and species richness of phytoplankton in
the various layers;

(iii) there is a relationship between the diversity and
the rate of community turnover (hereafter com-
munity change rate) of the phytoplankton in the
vertical layers; and finally,

(iv) the thickness of the photic zone determines the
number of biomass peaks created by character-
istic and spatially distinct assemblages.

Material and methods
Study site

Malom-Tisza oxbow is a 4.6-km-long, hypertrophic
and wind-sheltered water body with an average depth
of 3 m. It is the middle section of the Tiszadob oxbow
system (11-km-long) and located in the middle part of
the Tisza valley (Carpathian Basin, Hungary; Fig. 2).
Although at the eastern part floating islands devel-
oped (Calamagrostido-Salicetum cinereae, Borhidi
et al., 2014), extended open water area characterises
the most part of the Malom-Tisza oxbow. Strong lin-
ear stratification characterised the oxbow during the
samplings in each year (Borics et al., 2015).

Sampling

A single water column was sampled for physical,
chemical and phytoplankton analyses monthly from
May to August in 2008 and from May to September
in 2007 and 2009 at the deepest point of the oxbow
(N 48° 01’ 14.35"; E 21° 11" 26.50") (7 m). Verti-
cal samples were collected by a Ruttner sampler
(HYDRO-BIOS) at each 1-m interval. We used the
thermometer of the sampler to measure water tem-
perature (T—°C). The conductivity (COND-uS cm™),
pH and dissolved oxygen concentration (DO-mg 171
were measured in the field by a portable-multiparam-
eter digital meter (HQ30d, Germany) in each sampled
layer. For further chemical analyses, water samples
were kept at 4 °C in a cooler bag during transporta-
tion to the laboratory.
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Fig. 2 The map of the

Tiszadob oxbow system, lh
Hungary. The middle sec- N
tion is the Malom-Tisza

oxbow. Red dot is the

sampling point

The following chemical parameters were measured
in the laboratory, according to international and Hun-
garian guidelines: ammonium-nitrogen (NH,"-N in
mg 17!, MSZ ISO 7150-1:1992), dissolved inorganic
nitrogen (DIN in mg 17!, MSZ 1484-13:2009), phos-
phate (PO,*>~-P in pg 17!; MSZ EN ISO 6878:2004)
and chlorophyll a (Chl-a in pg 17!, MSZ ISO
10260:1993).

We measured the light penetration in the water
column with a Secchi disc. The euphotic layer of
pelagial zone was calculated from the Secchi depth
(2.5 x depth of Secchi disc, Poikane, 2009). The Sec-
chi depth (SD) was used to calculate light extinction
coefficient (k) applying the Pool and Atkins (1929)
formula: k=1.7/SD. Irradiance at a given depth was
calculated using the following equation:

Iy = L™,

where 1, is irradiance at d depth, I, is midday irra-
diance at the surface (2000 pE/mzlsec) (Falkowski &
Raven, 1997), d is depth, k is light extinction coeffi-
cient, e is Euler number (2.718).

Both quantitative and qualitative phytoplankton
samples were collected. Phytoplankton samples were
preserved with Lugol’s solution following sampling.
Quantitative phytoplankton samples were collected
by a Ruttner sampler (HYDRO-BIOS, Altenholz,
Germany) at one-meter intervals of the whole water
column (7 m) during every sampling occasion. In
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Tisza river

Malom-Tisza oxbow

May and June 2007, because of technical limita-
tions, phytoplankton samples were taken only from
the upper 4 m. To achieve accurate species identifi-
cation, using a tube sampler we also took qualitative
phytoplankton samples from the upper 2 ms of the
water column at each sampling occasion, and filtered
these samples through a 10-um mesh size plankton
net. Phytoplankton species of the net samples were
studied with upright microscope (Leica DMRB) at
100-1000 x magnification.

Study of the phytoplankton

We studied the phytoplankton samples at 100 X and
630 x magnification using a LEICA DMIL inverted
microscope. Species were documented by Canon
EOS digital camera. At least 400 units (cells, colo-
nies and filaments) were counted in each sample. For
the estimation of the biomass, we measured the linear
dimensions of 20 specimens of each taxon. Phyto-
plankton biovolume and surface area were calculated
using realistic 3D algal models following Borics et al.
(2021). Accepted names of phytoplankton species
were based on the AlgaeBase (Guiry & Guiry, 2023).

Functional classification of phytoplankton
Since we supposed that the different vertical lay-

ers provided distinct habitats for planktic organ-
isms, we assigned phytoplankton taxa into Reynolds’
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functional groups (a.k.a. codon, coda in plural Reyn-
olds et al., 2002; Padisak et al., 2009). Functional
groups sensu Reynolds contain species sharing simi-
lar responses to the environment, and this represents
functional group-specific habitat templates. Accord-
ingly, Reynolds’ functional groups can also be con-
sidered functional response groups (Violle et al.,
2007; Abonyi et al., 2018), and therefore, they pro-
vide an appropriate approach to test our hypotheses.

Statistical analyses

To analyse the vertical pattern of phytoplankton
diversity, we calculated Shannon diversity for each
sampled layer. To assess the relationship between
phytoplankton biomass, irradiance and diversity
measures, we calculated Spearman rank correlation
(Zar, 2009). We also used the taxonomic richness
within each sampled layer as a measure of diversity.
To evaluate compositional differences among
water layers at a given time, we calculated Bray—Cur-
tis similarity (Bray & Curtis, 1957). Low similarity
values refer to large community change rate. The sum
of the absolute values of differences in Bray—Curtis
similarities between the layers at a given time was

considered as water column level community change
rate. Thus, small values indicate low similarities, i.e.
high level of vertical niche segregation, while large
numbers refer to small differences in niche character-
istics in the water column.

We considered “biomass peaks” here as the max-
ima of the biomass of a given taxa or FG in the water
column, if their relative biomass>20% of total bio-
mass. Peaks with lower relative biomass were not
considered, because the low numbers of observed
individuals in samples can also incur higher counting
error.

Results
Environmental variables

Physical and chemical parameters showed distinct
vertical changes along the depth of the water column
(Table 1). Clinal and abrupt changes could also be
observed. Below 3 m, the dissolved oxygen mark-
edly decreased (from 5-10.2 to under 1.9 mg 171),
while the pH continuously decreased from the sur-
face (mean: 8.44) to the bottom (mean: 7.37). The

Table 1 The range and mean values (in brackets) of environmental variables of Malom-Tisza oxbow

Depth (m) Temp. (°C) DO (mgl~') pH Cond. (uS NH,*-N(mg DIN(mgl ) PO -P(ug  Chl-a(ugl™)
cm™V IhH IhH
Surface  17.8-32.6 7-16.8 8.2-8.63 322-366 0.1-0.21 0.22-039  12-17 2.7-41.7
(25.8) (10.2) (8.44) (364) (0.16) (0.31) (14.23) (13.4)
Im 17-29 6.5-12 8.25-8.59 317-394 0.18-0.23 0.33-0.44  12-16.3 3.3-26.2
(24.5) 9.7) (8.42) (350) (0.21) (0.39) (14.53) 13.7)
2m 16.6-25.6  4.2-10.1 7.85-8.48 318-378 0.2-0.3 0.31-0.51 14.3-16.6 3.7-60.3
(23) 8.7 (8.23) (348) (0.25) (0.4) (15.73) (29.7)
3m 16.6-25  1.7-8 7.67-7.93 319-382 0.19-0.37 0.4-0.48 14.3-15.6 1.6-48.9
(21.5) (5.4 (7.81) (351) (0.26) (0.43) (15.17) (26.8)
4m 162225 0.4-54 7.24-7.63 350-394 0.09-0.22 0.3-0.43 15.6-17.6 8.3-125.7
(19.4) (1.9) (7.51) (368) 0.17) (0.35) (16.8) (38.2)
5m 12-19.9 0342 7.27-7.57 360-440 0.09-0.79 0.3-0.9 17.9-20.2 20.5-137.7
(16.6) (1.9) (7.43) (393) 0.37) (0.54) (19.5) (68.3)
6m 10.6-16  0.3-3.3 7.14-7.55 385-440 0.21-1.5 0.42-1.61 16.3-36.2 14.5-160.6
(13) (1.2) (7.32) 411) (0.79) (0.96) (23.17) (80.7)
7m 89-12.9  0.1-3 7.19-7.50 409-460 1.53-2.6 1.64-2.71 16-97.5 15.1-66.6
an (0.8) (7.37) (430) (2.19) (2.36) (62.8.) (36.3)

The temperature (Temp.), dissolved oxygen (DO), pH, conductivity (Cond.) and chlorophyll-a (Chl-a) were measured in the whole
study period, while the ammonium-nitrogen (NH,*-N), dissolved inorganic nitrogen (DIN) and phosphate (PO,*>~-P) were measured

only in 2007

@ Springer
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conductivity decreased in the upper 2 m (from 364
to 348 uS cm™!) then increased (from 351 to 430).
The concentration of nutrients (P and N) increased
with depth (DIN from 0.31 to 2.36 mg 1~!; PO,>~-P
from 12 to 97.5 pg 17!) and were above the concen-
trations considered limiting for phytoplankton (Reyn-
olds, 2006). The actual chlorophyll-a concentrations
(including both the bacterio- and phytoplankton chlo-
rophyll) increased with depth at each sample occa-
sion (mean values of the layers ranged from 13.4 to
36.3 ug 17!, see in Table 1).

Phytoplankton composition

The qualitative analysis of phytoplankton revealed a
species rich microflora for the oxbow. We identified
332 taxa altogether (9 anoxygenic autotrophic bac-
teria, 47 oxygenic photoautotrophic Cyanobacteria
and 270 eukaryotic algae). Eukaryotic algae were
characterised by a high number of Chlorophyta (113
species), followed by Bacillariophyta (44 species),
Ochrophyta (40 species), Euglenozoa (25 species)
and Charophyta (21 species). The most frequently
occurring taxa were Aphanocapsa delicatissima West
& G. S. West, Planktolyngbya limnetica (Lemmer-
mann) Komarkovi-Legnerova & Cronberg (Cyano-
bacteria), Monoraphidium tortile (West & G. S.
West) Komarkova—Legnerova, Monoraphidium con-
tortum (Thuret) Komérkova—Legnerova, Tetraédron
minimum (A. Braun) Hansgirg (Chlorophyta) and

Peridinium gatunense Nygaard (Miozoa), which
were present in more than 80% of the samples. The
detailed species list with average biovolume data and
species classifications can be found in a Supplemen-
tary Material (Supplementary Table 1).

Vertical distribution of phytoplankton and spatial
segregation of coexisting species

The spatio-temporal biomass profile of phytoplankton
(including Cyanobacteria and eukaryotic algae) and
bacterioplankton showed considerable vertical dif-
ferences (Fig. 3). High phytoplankton biomass peaks
were observed in July below the euphotic zone every
year. Before and after July, these peaks appeared
above the euphotic zone. Photosynthetic sulphur bac-
teria (Thiopedia rosea Winogradsky and cf. Lepto-
thrix pseudovacuolata Skuja) were characteristic for
the most part of the aphotic layer (<4 m) throughout
the study period.

Cyanobacterial blooms developed in the water col-
umn every mid-summer (in July) throughout the study
period (Fig. 4). In contrast, in the spring and autumn
periods several other planktic groups characterised
the euphotic zone (see in Supplementary Figs. 1-4),
while the aphotic zone (below 3—4 m) was dominated
by photosynthetic sulphur bacteria (V codon).

Altogether 27 coda sensu Reynolds were found
in the samples. Although their distribution in the
water column was not homogeneous, because of the

Biomass (mg L-'); Temperature (°C)

0 510152025300 5 10 152025300 5 1015202530 0 5 1015202530 0 5 10 1520 25 30

0 102030405060 7080 90

Fig. 3 Vertical profile of 2007
phytoplankton and bacterio- 0
plankton biomass (mg 171), 1
water temperature (°C) and %
the location of the euphotic/ g _________
aphotic zone in Malom- 6
Tisza oxbow between 2007 7
and 2009 2008
eyl (
AV
8 s
6
7 I
2009
0
1
il
3
4
5
6
7

May

= Phytoplankton

@ Springer

KA
—

June July August September
== Bacterioplankton Temperature - Euphotic
Aphotic



Hydrobiologia (2024) 851:767-783 773
I Relative biomass of functional groups 2007
l)0.0 0.2 04 0.6 0.8 10 00 0.2 04 0.6 0.8 1.0 000 0.2 0.4 0.6 08 1,0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0,2 04 0,6 038 1.0
A\ .". — .//.
AR 4 / 1o 1L <@ T
/) @ N el I
2| 1A / : == - - - n
[ S 4 ~ /
3| ¢ /’,. / 5 % gagé 0‘ | —
|/ / ° \ t B i
gre—d— — — — — — ¢ 7 . { *
n, S 2008
1 — \——
Tl ___ | ¢ - -
gt o
5 N ] ™
- . /
o L ‘ i B¢
7 ’ : 2009
L} .
0
1 B
, ——
34
4 - —-——,— —_——
5
6 < lﬁqf'gé
, !
July
! mC mE =) mlO =81 mV
Euphoti
- - D =Hl =K mQ =T =x2 ™"

Fig. 4 Vertical profiles of dominant functional groups in Malom-Tisza oxbow in the three consecutive years of the study, 2007, 2008

and 2009. Dominant coda are shown in Table 2

possible counting error, only coda with relative bio-
mass >20% are detailed in Fig. 4.

In 2007, only 1 or 2 coda (Lo, J, S1, T) dominated
the euphotic and aphotic zone in each month, then in
2008, distinct peaks were observed (D, Lo, S1, Q, T)
(Supplementary Figs. 1, 2). In 2008, the depth of the
euphotic zone was more stable than in the previous
year. Different coda were responsible for the peaks
both in the euphotic (S1, Q) and aphotic zones (T,
V) in July. In contrast to the previous years, different
assemblages peaked in 2009. The number of coda that
attained the 20% relative biomass was much higher
(9) than in the previous years (~4-5) (Supplementary
Figs. 3, 4). For example, in August, taxa belonging to
HI, T, K, Y, X2 and D coda created peaks below each
other. Interestingly, in September, a non-photosyn-
thetic iron bacterium cf. Ochrobium sp. appeared in
the euphotic zone. Although many species occurred
in some coda, only 1 or 2 species were systematically
responsible for the biomass peaks (detailed in Sup-
plementary Figs. 1-4). The habitat templates of taxa
providing the dominant coda based on biomass peaks
are summarised in Table 2.

Effect of irradiance on the vertical distribution of
phytoplankton

Several biomass peaks produced by taxa belong-
ing to diverse coda appeared below the compensa-
tion depth (CD) calculated by the CD = 2.5 X Secchi
transparency formula. Therefore, we calculated the
level of irradiance in the studied layers (Cal. I,).
The calculated irradiance at a given depth (Sup-
plementary Table 2) systematically exceeded the
critical irradiance value (I.) of species found in
the literature. The 7. is the minimum irradiance
required for a population to survive. However, sev-
eral species such as Kephyrion sp., Merismopedia
glauca (Ehrenberg) Kiitzing, Mougeotia sp., Pedi-
astrum duplex Meyen, Pseudopediastrum boryanum
(Turpin) Hegewald formed peaks in the deeper lay-
ers (<4 m depth), where their /. values exceeded
the level of measured irradiance. Because of its very
low I. value, Thiopedia rosea had multiple peaks
between 4 and 7 m, where the calculated irradiance
indicated limiting light conditions for the growth of
the majority of phytoplankton species.

@ Springer



774

Hydrobiologia (2024) 851:767-783

Table 2 Coda which relative biomass exceeded the 20% in Malom-Tisza oxbow between 2007 and 2009

Codon Dominant taxa

Habitat

Tolerances

Sensitivities

C Discostella pseudostelligera ~ Mixed, eutrophic small-
(Hustedt) Houk & Klee medium lakes

D Nitzschia acicularis (Kiitzing) Shallow, enriched turbid
W.Smith, Fragilaria croton-  waters, including rivers
ensis Kitton

E Mallomonas sp., Dinobryon ~ Usually small, oligotrophic,
sociale (Ehrenberg) Ehren- base poor lakes or hetero-
berg trophic ponds

H1 Aphanizomenon sp., Cus- Dinitrogen-fixing Nosto-
pidothrix issatschenkoi caleans
(Usachev) P.Rajaniemi,
Komarek, R.Willame, P.
Hrouzek, K.Kastovska, L.
Hoffmann & K.Sivonen

J Tetraedron minimum, Goni- Shallow, enriched lakes
ochloris mutica (A. Braun) ponds and rivers
Fott

K Aphanocapsa delicatissima, Short, nutrient-rich columns
Cyanogranis ferruginea
(F.Wawrik) Hindak ex
Hindak

Lo Peridinium gatunense, Summer epilimnia in meso-
Parvodinium elpatiewskyi trophic lakes
(Ostenfeld) Kretschmann,
Zerdoner & Gottschling

Q Gonyostomum semen (Ehren-  Small humic lakes
berg) Diesing

S1 Planktolyngbya limnetica, Turbid mixed layers
Pseudanabaena limnetica
(Lemmermann) Komarek

T Mougeotia sp. Deep, well-mixed epilimnia

v Thiopedia rosea Metalimnia of eutrophic

stratified lakes

X2 Kephyrion rubri-claustri Shallow, clear mixed layers in
Conrad, Plagioselmis meso-eutrophic lakes
nannoplanctica (Skuja)
G.Novarino, I.A.N.Lucas &
Morrall

Y Cryptomonas sp. Usually, small, enriched lakes

Light, c deficiencies

Flushing

Low nutrients resort to
mixotroph

Low nitrogen, low carbon

Segregated nutrients

High colour

Highly light-deficient condi-
tions

Light deficiency

Very low light, strong seg-
regation

Stratification

Low light

Si exhaustion, stratification

Nutrient depletion

CO, deficiency

Mixing, poor light, low
phosphorus

Settling into low light

Deep mixing

Prolonged or deep mixing

Flushing

Nutrient deficiency
Instability

Mixing, filter feeding

Phagotrophs

Diversity and community change rate

The vertical profile of taxonomic richness (S) and
Shannon diversity (H) of Malom-Tisza oxbow
showed a notable decreasing trend with depth. How-
ever, the values did not change gradually. Median
values of species richness showed a peak at 4-m
depth (Fig. 5) and decreased further with depth. The
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vertical profile for Shannon diversity was similar, but
H values increased only slightly between the surface
and the peak at 3—4 m depth.

The Spearman rank-order correlation revealed a
significantly negative correlation between total phyto-
plankton biomass and both diversity measures (S, H)
in the upper 4 m of the water column (Table 3). We
did not find any significant relationship among these
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Fig. 5 Vertical profile
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Table 3 Spearman rank-order correlation matrix for calculated irradiance (Cal. 1,), total phytoplankton biomass (TB), taxonomic
richness (S), Shannon diversity (H) in the upper (0—4 m) and lower (5-7 m) water column

0-4 m 5-7m

TB S H TB S H
Cal.l, Cal.l,
R -0.172 —0.149 —-0.0113 0.271 —0.0358 —-0.299
p 0.155 0.219 0.926 0.12 0.839 0.0853
n 70 70 70 34 34 34
TB TB
R —0.692 -0.279 0.12 -0.176

0.0194 < 0.001 0.497 0.317

n 70 70 34 34

R is the correlation coefficient, p stands for significance level (significant when P <0.05) and r is the number of samples

parameters in the deeper layer. There was no significant
relationship between the calculated irradiance values
and diversity, neither in the upper (0—4 m), nor in the
lower (5-7) water column.

We experienced large fluctuations in the Bray—Cur-
tis similarity values between water column layers for
both in terms of taxonomic richness and number of
functional groups. Values of the two metrics showed
simultaneous changes (Fig. 6), i.e. the rate and direction
of changes were mostly identical.

Low (<0.5) similarity values were observed in
each sample occasion, which indicates high com-
positional differences, i.e. large differences in
the identity of dominant taxa or FGs between the
underlying layers. However, we found no signifi-
cant relationship between Bray—Curtis similarity

values and diversity, neither for taxa, nor for func-
tional groups (Fig. 7, P> 0.05 in all cases).

Impact of the photic zone depth on the number of
spatially distinct assemblages

A positive (but marginally significant, P=0.01) rela-
tionship occurred between the euphotic depth and
the number of biomass peaks in the water column
(Fig. 8). When the euphotic zone was<3 m, 1 or 2 bio-
mass peaks developed. The number of biomass peaks
increased significantly if the euphotic depth exceeded
3 m, and the number of biomass peaks ranged between
1 and 4.

@ Springer



776

Hydrobiologia (2024) 851:767-783

2007

Bray-Curtis similarity
00 0.25 0.50 0.751.00 0.000.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.00 0.000.25 0.50 0.75 1.00

N

L/

{

[e—o

Aphotic

Depth (m)
NOMBWN=SOF NOabWN=2Og

<

+—e Species
+—e Functional group

<
Z
-
P
Y

T [ — [
= ==

May June

July

August September
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Fig. 7 The relationship between Bray—Curtis similarity values (calculated for—a: species; b: FG—functional groups sensu Reyn-
olds) and species number in the Malom-Tisza oxbow (between 2007 and 2009)

Discussion

Vertical distribution of phytoplankton and spatial
segregation of coexisting species

Spatial arrangement of phytoplankton in water is nei-

ther vertically nor horizontally homogenous (Reyn-
olds, 2006). The mixing regimes, spatial differences
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in growth-limiting nutrients (mainly P) and light
jointly determine the distribution of phytoplankton
in lakes (Longhi & Beisner, 2009). Thus, we hypoth-
esised that a physically stable metalimnion enables
the spatial segregation of coexisting phytoplankton
assemblages.

There were altogether 13 coda (with relative bio-
mass > 20%), in which taxa produced distinct peaks in
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the Malom-Tisza oxbow (ty, = —3.02, P=0.01)

the linearly stratified water column of Malom-Tisza
oxbow during the sampling period. It occasionally
occurred that almost in each of the sampled layers
of the water column had a biomass peak make up by
taxa belonging to different coda, demonstrating that
the stable metalimnion enables the spatial segrega-
tion of coexisting species. Interestingly, taxa that
produced biomass dominance within coda have wide
range of habitat preferences, i.e. they have different
habitat templates. Based on the literature, some of
them occurred in shallow, enriched lakes ponds and
lakes (D, J, Y) (Reynolds et al., 2002; Padiséik et al.,
2009). Some of the peak-created coda are sensitive
to mixing (H1, X2, K), while some of them tolerated
the low light (C, T, Y, V). While taxa of one codon,
which dominated the deeper part of the water column,
tolerate mixing (X2), other taxa are sensitive to it
(codon C). One codon is typical in summer epilim-
nia in mesotrophic lakes (L), while other in small,
oligotrophic lakes (E). The V codon is characteristic
in the metalimnia of eutrophic stratified lakes, which
explains well its distribution in Malom-Tisza oxbow.
The above findings support our assumption that sta-
ble spatial segregation of environmental variables in
the water column provide different habitats for phyto-
plankton in each layer.

It has long been recognised that the mixing depth-
to-photic depth ratio is influential in the development
of phytoplankton under well-mixed conditions (Sver-
drup, 1953; Huisman et al., 1999). In the Malom-
Tisza oxbow, water column stratification remained
stable through the whole study period. Thus, species
characterised with different critical light intensity
might coexist if they change or keep their position in
the most suitable layer of the water column. Major-
ity of species that displayed biomass peaks in some
of the vertical layers of the water column in Malom-
Tisza oxbow have the capability of buoyancy regula-
tion (e.g. Aphanizomenon sp.) or active swimming
by flagella (e.g. Peridinium gatunense, Cryptomonas
sp.). Representatives of this latter group can suc-
cessfully compete for light and nutrients and besides
cyanobacteria appear as subdominants in eutrophic
waters (De Melo & Huszar, 2000). We note here that
metalimnetic dominance of Aphanizomenon flos-
aquae has also been formerly described for phyto-
plankton in the Lake Stechlin (Selmeczy et al., 2016).

Since our samplings give a snapshot of a dynamic
pattern, it is reasonable to suppose that the flagellates
do not have a constant position in the water column
and can migrate during the day. Diel vertical migra-
tion of Peridinium gatunense (Usvyatsov & Zohary,
2006) in the Lake Kinneret or Cryptomonas spp. in
a stratified mesotrophic reservoir (Kansas, USA)
have also been reported (deNoyelles et al., 2016).
There are several other flagellates like Gonyostomum
semen (Raphidophyceae) (Salonen & Rosenberg,
2000) and Dinobryon spp. (Chrysophyceae) (Heinze
et al., 2013) that have characteristic circadian migra-
tion rhythms. Vertical differences in the availability
of light and phosphorus governed the circadian ver-
tical migration of Ceratium hirundinella (O. F. Miil-
ler) Dujardin moving >4 m in the water (James et al.,
1992). These taxa were also present in the Malom-
Tisza oxbow, but their abundance was low, therefore
their vertical differences in the water column could
not be demonstrated. Vertical migration of most
phytoplankton taxa shows the same pattern: daytime
ascent and night-time descent. Migration enables
species to exploit the nutrient sources of the aphotic
deep layers at night and enjoy the well-illuminated
regions in the daytime, where they reduce the respira-
tory losses and avoid zooplankton grazers. Besides
the direct stimuli such as light, chemical gradients
or temperature (Clegg et al., 2007), importance of
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endogenous circadian rhythms in the vertical migra-
tion of phytoplankton has also been suggested by
several authors (Sournia, 1974; Frempong, 1983; Pré-
zelin, 1992; Gervais, 1997a, b). The flagellates that
produced peaks in the different layers of Malom-Tisza
oxbow might have been influenced by the actual
strength of the above factors and by their specific sen-
sitivity to them.

Interestingly, occasionally species with no capabil-
ity for buoyancy regulation or active swimming cre-
ated biomass peaks in the deeper layers. These peaks
must have been resulted by the sinking of the species
that produced peaks in the upper layers, but they were
not able to maintain their position in the water col-
umn (Camacho, 2006). In Malom-Tisza oxbow, the
non-motile taxa, Fragilaria spp., Pediastrum spp.,
Romeria sp., Mougeotia sp. showed a deep layer bio-
mass peak in the water column.

Effects of nutrients and irradiance on the vertical
distribution of phytoplankton

While in a well-mixed water column where nutrients
are homogenously distributed the light availability
can be responsible for the inhomogeneity in phyto-
plankton biomass (Mellard et al., 2011), in a poorly
mixed water column, like in the Malom-Tisza oxbow,
both light and nutrients are important drivers of the
phytoplankton community composition (Klausmeier
& Litchman, 2001). Here, we revealed that verti-
cal differences in light and nutrients are linked to
an almost complete linear summer stratification of a
deep oxbow lake.

Concerning the vertical changes of nutrients, we
found that direction of changes in the concentration
of the dissolved oxygen and NH," ion, pH or conduc-
tivity values of Malom-Tisza oxbow corresponded
well with the clinal changes described for stratified
lakes (Wetzel, 2001). The higher soluble reactive
phosphorus concentration in the deep layer must have
been produced by the internal load, i.e. liberation of
phosphorus from redox sensitive iron compounds in
low redox environment (Sondergaard et al., 2001).
Although these changes resulted in considerable dif-
ferences in the concentrations of available nutrients in
Malom-Tisza oxbow, the concentration ranges where
the inorganic nitrogen and phosphorus vary were
much higher than considered as limiting (IP: 3 pg 17!;
DIN: 20 ug 171) for phytoplankton (Sas, 1990; Wetzel,
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2001; Reynolds, 2006). Therefore, contrary to our
second hypothesis, nutrient limitation was not likely
to occur in the studied oxbow, and thus it plays a neg-
ligible role in shaping the observed vertical changes
in phytoplankton composition.

Since field studies and laboratory experiments
proved that light was a crucial variable for vertical
migration of phytoflagellates evoking a positive pho-
totaxis (Sommer, 1982), we hypothesised that the
irradiance strongly influenced biomass and species
richness of phytoplankton assemblages in the water
column. However, this idea was not supported by
our results because none of the two variables showed
significant relationship with irradiance. One of the
explanation is that the irradiance entering the upper
water layer is strong enough to cause photoinhibition
for phytoplankton (Hsu et al., 2013). Majority of phy-
toplankters, therefore, avoid excessive radiation by
moving towards deeper layers (Goss et al., 1999). In
the Malom-Tisza oxbow phytoplankton never peaked
in the uppermost well-illuminated layer. Several phy-
toplankton groups contain accessory pigments that
enable the absorption of wide range of light spectrum
and the different light intensities, which allow them
to optimise their vertical position in the water column
(Falkowski & Raven, 1997). Despite the poor light
conditions below the euphotic zone at about 3—4 m
depth, the calculated irradiance values indicated that
there was still plenty of light for many species to
grow at this depth in Malom-Tisza oxbow. Even the
sinking populations of Fragilaria sp., Pediastrum
duplex, Mougeotia sp. at 3 m and Romeria sp., Pseu-
dopediastrum boryanum at 4 m depths had enough
light to grow and to create biomass peaks. Falkowski
& Raven (1997) found that the capability of buoyancy
regulation or active swimming and the differences in
the light absorption abilities allowed the coexistence
of a number of species, which phenomenon was also
supported by our results.

One additional explanation for the lack of relation-
ship was that we found a large biomass sulphur bacte-
ria population in the deepest water layer. Field studies
(Caldwell & Tiedje, 1975; Steenbergen et al., 1989;
Banens, 1990) demonstrate that dense populations of
phototrophic bacterial communities can develop in
the anoxic meta- and hypolimnion of stratified lakes.
The characteristic member of this bacterial commu-
nity is the bloom-forming, sulphur bacteria Thiopedia
rosea, which is sensitive to moderate light intensities,
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since its optimum light intensity is 100 uE m™2 s~!

and its compensation point is between 0.5 and 2 uE
m~2 s~! (Eichler & Pfennig, 1991). This is in line
with the distribution of 7. rosea that we encountered
in Malom-Tisza oxbow. The anoxic part of the line-
arly stratified water column and the appropriate light
level provided good conditions for this species to pro-
liferate and flourish.

In addition to this species, the other characteris-
tic member of the bacterial community in an anoxic
metalimnion can be the iron bacteria, Ochrobium sp.
This species with its gas vacuoles is able to move
up in the water column (Jones, 1981), but its cap-
sule encrusted by ferric ions, which gives an excess
density to the cell enabling its downward movement
towards the bottom (Robbins & Iberall, 1991). At the
start of mixing, this species peaked at 2-3 m in Sep-
tember 2009, in a well-oxygenated part of the water
column of Malom-Tisza oxbow. Similar phenomenon
has also been reported from a Karelian stratified lake
(Dubinina & Kuznetsov, 1976).

Diversity and community change rate

The strong thermal stratification provides wide
range of vertical microhabitats for phytoplankton
and the spatial niche segregation contributes to the
maintenance of a high diversity (Longhi & Beisner,
2010). Investigating the microscale differences in a
shallow lake metalimnion, Gasol et al. (1991) found
drastic changes in oxygen and hydrogen sulphide
concentrations within a<0.5 m part of the water
column. Since these differences have a significant
impact on the composition of microalgal assem-
blages, we expected that the higher the community
change rate, the higher the diversity. The results,
however, did not support our expectations. Our
results proved that despite finding low Bray—Curtis
similarity values between the underlying neighbour-
ing layers of the water column (i.e. high community
change rate), these changes showed no relationship
with the diversity of phytoplankton. The explana-
tion of this strange phenomenon is that differences
in the community change rates have been attributed
to changes in the identity of the dominant species,
and not by changes in the species pool. This latter
can be accounted for by the continuous sedimenta-
tion of species that eliminates the otherwise con-
siderable differences among the underlying layers.

These results imply that similarity or dissimilarity
metrics calculated between the adjacent vertical
layers are better descriptors of compositional dif-
ferences than diversity metrics, because diversity
metrics are sensitive to the uneven distribution of
species, but do not for the identity of species creat-
ing the uneven distribution. Thus, the different lay-
ers might have similar diversity values besides com-
pletely different species pools, or besides identical
species but different dominance relations.

Impact of the photic zone depth on number of
characteristic spatially segregated assemblages

In accordance with the above findings, we found that
there was no correlation between diversity and irradi-
ance in the upper water column. In the studied lake,
parallel to the increase in depth and the reduction of
light, a slight increase in the median values of taxo-
nomic richness could be observed. This result did not
support the idea that the irradiance strongly influences
community species richness in a linearly stratified
water column. However, our results demonstrated that
the depth of the photic zone had a significant effect
on the number of peaks in the water column, i.e. with
increasing photic zone depth, the number of peaks
also increased. When the photic layer was <3 m, the
number of peaks was significantly smaller than in
cases when it exceeded 3 m. In lakes with a three-
layer stratification, no more than two biomass peaks
may develop: one in the epilimnetic surface layer,
called surface chlorophyll maximum (SCM) (Sim-
monds et al., 2015), and the other the deep chloro-
phyll maximum (DCM) in the meta- or hypolimnion
(Camacho, 2006). In the hypertrophic Malom-Tisza
oxbow, however, under appropriate light conditions,
occasionally multiple biomass peaks developed.
These peaks were produced by functionally distinct
taxa: flagellated mixotrophic species, strictly auto-
trophic species with or without buoyancy regulation.
They all require different habitat templates and are
characteristic for a given lake type or for a given suc-
cessional period (Reynolds et al., 2002). The fact that
species from different FGs can produce distinct verti-
cal peaks simultaneously support our hypothesis that
the linearly stratified water column enables a spatial
niche segregation, and coincides to the large func-
tional and species diversity of the oxbow.
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Conclusions

Understanding the proximate reasons of why and
how a given species creates a peak in a certain layer
of the water column would require the implementa-
tion of high frequency close-interval sampling and
measurement of various factors. Therefore, in the
present study, we did not aim to give an exhaustive
explanation for the development of phytoplankton
biomass peaks vertically. However, we revealed the
importance of light gradient as a potential driver
of the vertical distribution of phytoplankton, and
described how a linear stratification could contrib-
ute to the diversity and compositional differences of
the phytoplankton in a linearly stratifying oxbow.

Here, we demonstrated that in the various layers
of the linearly stratified water column, taxa belong-
ing to several distinct functional groups could pre-
vail and create multiple biomass peaks. We demon-
strated that the number of these peaks depended on
the euphotic depth. We found no evidence for asso-
ciations between diversity and the strength of irradi-
ance or community change rate. Our results imply
that the vertical distribution of phytoplankton mani-
fests in the number of functionally distinct species
(or FGs) that can dominate the community.
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