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ABSTRACT

Paleolimnologists and ecologists study biotic and abiotic variables to track long-term and short-term
environment changes. Microscopic invertebrates, phytoplankton of freshwater ecosystems, and
pollen grains have been extensively studied during the last decades. Surveys of modern and fossil
biota composition might provide information about past changes caused by climate alteration and
human activity. Furthermore, research on the modern population of these biological proxies may be
utilized to assess environmental quality and restoration measures. This paper synthesizes knowledge
of the use of selected microscopic invertebrates (Cladocera, Copepoda, Ostracoda, Rotifera),
phytoplankton, and pollen grains for the aforementioned issues. This review shows that the ability
of these biological proxies to indicate environment changes is versatile. Some of them may be
utilized to track long-term changes of temperature (pollen) or pH (Diatomeae). Others are useful to
reconstruct paleosalinity (Ostracoda) or conductivity (Ostracoda, Diatomeae), while the utilization
of Rotifera and Copepoda in paleoreconstruction, due to the very poor preservation of the remains,
is very limited, although these fauna are very useful for assessing modern water quality. Larger
species of Cladocera are significant for lake restoration.
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INTRODUCTION

During the last century, environmental
deterioration started to accelerate as an effect
of anthropopressure and drastic climate
change. One of the ecosystems suffering the
most are freshwater bodies, which play a

crucial role in many areas of human life and
have been affected by humans in many
different ways. These ecosystems are essential
for biodiversity [1] and an important source of
drinking water for some municipalities. It is
thus essential to know the interplay between
the abiotic and biotic elements of a given
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ecosystem and how these elements respond to
alterations in the climate and environment.
This knowledge would allow for better
understanding of the current and possible
future changes and the discovery of ways to
prevent these changes, and it might be useful
for the restoration of already degraded
ecosystems.

One technique used to find out more about
freshwater ecosystems is the use of biological
proxies. Organisms tolerate a limited range of
environmental variables such as
physiochemical and biological conditions [2].
Hence, they can be used to assess environment
quality and its short and long-term changes. In
a  freshwater  ecosystem,  microscopic
invertebrates such as Rotifera, Cladocera,
Copepoda, and Ostracoda have a particular
role in the functioning of the ecosystem due to
their pivotal position in the food chain. They
are regarded as good indicators of environment
changes because they quickly respond to
environmental stressors [3 - 6]. Phytoplankton
also reacts quickly to changes, and this may
also provide valuable information about
environmental alteration. Additionally, a
greater perspective on changes in a particular
catchment that have a direct effect on a given
ecosystem (e.g., deforestation, erosion,
agriculture) can be derived from pollen
analysis.

The main aim of this paper is to summarize the
abilities of particular microscopic invertebrates
(Cladocera, Copepoda, Ostracoda, Rotifera),
phytoplankton, and pollen grains to provide
information that helps with the study of
climate and environment changes as well as
lake restoration. Part of this work is devoted to
the wuse of these organisms to trace
environmental changes, in particular climate
alteration. The implementation of particular
biological proxies for reconstructing given
variables found in the literature is discussed.
The remaining portion of this work looks into
the adaptation of the paleolimnological and
ecological traits of those proxies during the
lake recovery process.

To accomplish the goal of this work authors
explored the Science Direct database of
journals, articles and books. Key words were
used to find articles dealing with
aforementioned issues. Based on gathered
literature, proportions of the used biological
proxies in studies of paleo-reconstruction and
lake restoration are displayed on the Figure 1.
Further, indication abilities of given biological
proxies in paleo- and limnology are
summarized in the Table 1.
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Copepoda
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Rotifera ™
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Figure 1. Proportions of the used given
biological proxies in: a) paleo-reconstruction
of climate and environment changes, b) lake

restoration
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Table 1. Comparison of indication abilities of selected biological proxies in the paleolimnological
(S - sediments) and limnological studies (W - water) (++ very good indicator, + moderately good
indicator, = low indication abilities, but sometimes might provide useful qualitative information, n/a
not applicable) [7 - 15 and other articles listed for each paragraphs respectively]

Inferred Pollen Diatomeae | Rotifera | Cladocera | Ostracoda | Copepoda
variables s | w S W s | w S W S W S W
Temperature | ++ | n/a = = = + = 4+ = +
Humidity ++ | nfa | + + +
Water level = | n/a + = ++ - + -
Trophic status na| ++ | H | | | | | = = | + | ++
pH nfa | ++ | ++ = | + 1 = | n
Salinity n/a | ++ | ++ = = = | ++ | ++ +
Conductivity nfa | ++ | ++ = = = | ++ | + n
MICROSCOPIC INVERTEBRATES, known as a training set (or a modern

PHYTOPLANKTON AND POLLEN AS
INDICATORS OF CLIMATE AND
ENVIRONMENTAL CHANGES

Climate changes lead to the alteration of
abiotic conditions, which in turn directly
affects biota populations [16]. The response of
organisms to climate changes is manifested by
changes in geographic distribution, species
composition and their abundance [16, 17].
Because of a strong relationship between
fauna, flora, and climate, the identification of
some past invertebrate communities and
alteration in vegetation may allow us to gain
knowledge of past climate conditions. The
biological proxies may be used to estimate
qualitative or quantitative paleoclimate and
paleo-environment conditions based on animal
remains and/or pollen grains stored in lake
sediments. The qualitative reconstruction
provides subjective information on what the
obtained data from proxies represents, e.g.,
warmer or cooler conditions [18]. The second
type of paleo-reconstruction encompasses a
method of quantifying variables. This
technique requires the creation of what is

calibration set). This calibration set includes
information about the composition and
abundance of modern species in conjunction
with modern environmental parameters.
Further, the set is applied in the numerical
modelling of the relationship between species
assemblage and environmental variables. The
obtained interference model (or transfer
function) is applied for the quantitative
reconstruction of climatic and environmental
parameters through time [19].

Some microscopic invertebrates and

elements of phytoplankton

Climatic alteration recorded at high resolution
or the detection of abrupt and short climate
changes could be studied using invertebrate
analysis. Many studies have used microscopic
invertebrates for climate reconstruction. Most
of them have shown a relative alteration of
climate and environment and have confirmed

that microscopic invertebrates and
phytoplankton are reliable reconstruction
tools.
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Temperature

The primarily climatic parameter that
significantly influences biotic and abiotic
factors is temperature. For exact temperature
determination, Cladocera is a rather poor
indicator (with several exceptions). There are
some species regarded as cold-tolerant ones
(e.g. Alona affinis), but temperature is not a
factor determining their presence. Therefore,
they cannot be wused independently as
indicators of temperature. Nonetheless,
measurements of the diversity in the Cladocera
species may somewhat suggest climate
alteration. A significant shift in Cladocera
assemblages, from poor into more diverse
ones, is observed at the border between the
cold period (Late Glacial) and the Holocene
[3, 20]. What is more, there are significant
shifts in Cladocera assemblages along the
altitude gradient [21]. Recently, progress in the
development of Cladocera-inferred
temperature reconstruction has also been
made. Lotter et al. [22] developed the first
temperature transfer function based on
Cladocera assemblages recorded in alpine
lakes, which was further successfully applied
on sediment core from Lake Gerzensee,
Switzerland [23]. Another example of
successful ~ Cladocera-based  temperature
reconstruction is a work by Korhola et al. [24]
for Northern Fennoscandia. In spite of that,
data from water fleas to be wused for
temperature reconstruction needs to be
interpreted carefully. Additionally, within the
Ostracoda group many species have specific
water temperature requirements [4, 5].
However, Ostracoda were sporadically applied
in temperature reconstruction [25]. In terms of
phytoplankton, the most useful and common
organisms in paleolimnological surveys are
Diatomeae. However, their utilization in
reconstructing past temperature is rather
questionable [26]. It is generally argued that
the diversity of Diatomeae may be more
dependent on other variables (trophy state, pH,
conductivity) that are indirectly linked to
climate variability rather than temperature
[27].

Water level changes

Despite the Ilimited application of the
aforementioned microscopic invertebrates in
tracing direct climate alteration, they are
invaluable in  indirect reconstructions.
Cladocera, Ostracoda and Diatomeae prove
themselves as essential proxies of water level
changes, which is critical in the reconstruction
of past climate. Wet periods are usually
marked by an increase of water level, while
more dry ones are usually characterized by a
drop in lake water level [28]. Relative water
level changes may be assessed based upon the
ratio of planktonic/littoral Cladocera species
[29] or planktonic/tychoplanktonic and benthic
Diatomeac taxa [28].

The discussed biological indicators also allow
for an insight into quantitative water level
fluctuations. For this purpose, an intralake or
large regional training set must be applied.
This can be seen in a work by Nevalainen and
Luoto [30], who tested an intralake training set
of Cladocera to trace paleohydrology in Lake
Pieni-Kauro (Finland). Korhola et al. [24, 31]
verified the wusefulness of the regional
Cladocera training set in the reconstruction of
lake level changes and showed how Cladocera
may be used for this purpose. In the case of
Ostracoda, some general patterns are
established, but it is quite difficult to depict
statistical relationships between water depth
and the Ostracoda community. There are some
species correlated with shallow (Darwinula
stevensoni) or deep water phases (Cypria
ophthalmica) [4, 5]. The relationship between
Ostracoda and water level has been used to
identify shallow and deep lake stages by, e.g.,
Wrozyna et al. [32] and Alivernini et al. [33].
What is more, creation of intralake transfer
function for Ostracoda may let to obtain the
qualitative reconstruction of water level as was
proved by Wrozyna et al. [34] for lake Nam
Co (China). Quantitative diatom-based lake
level reconstructions are rather scarce [28].
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pH value

The discussed microscopic elements have
given some researchers insight into past
climate oscillations indirectly by following
such variables as pH, conductivity, salinity,
and so on. Many studies highlight a clear
relationship between Cladocera and pH,
especially in terms of acidification. There is a
general pattern that the decline of pH usually
occurs simultaneously with a decrease in
species diversity [3]. This latter trait is in
conjunction with acid-tolerate species, e.g.,
Alonella exigua [35], which may enable pH
changes to be qualitatively determined.
Diatomeae are regarded as very good
indicators of pH [36] and have been broadly
used in climate and environmental
reconstruction worldwide [37]. Due to their
high sensibility, this algae group is useful in
quantitative pH reconstruction. An example of
a successful reconstruction of pH history is the
research by Renberg and Hellberg [38], which
studies three Swedish lakes spanning the
whole Holocene.

Salinity and conductivity

Additionally, the discussed group of organisms
may be utilized to reconstruct changes of
salinity, conductivity, or trophy state due to
their sensitivity to physico-chemical water
parameters.  Salinity and  conductivity
significantly affect the abundance and species
diversity of Ostracoda [4]. There are numerous
indicative species with habitat requirements
varying from hypersaline to freshwater ones
[5]. These features may be implemented in
retrieving salinity and/or conductivity, even in
a fully quantitative model [e.g., 39]. The
quantification of conductivity and salinity is
also possible based on data from Diatomeae
[40, 41].

Trophy state
An increase in water temperature may trigger

the enhancement of trophy state. Therefore,
some information can be derived from the

reconstruction of nutrient input. Trophy state
may be well indicated by Cladocera and
Diatomeae [3, 4]. Some Ostracoda taxa are
also sensitive to concentration of nutrients [5].

Cladocera are usually used to infer qualitative
changes of trophy state. The structure of
Cladocera communities significantly varies
with alterations in nutrient state. There is a
general assumption that an increase in the
contribution of Bosmina longirostris is due to
a higher trophy state. However, the most
useful information can be derived from an
observation of alterations within the whole
community. Some attempts have been made to
track qualitative changes of total phosphorus
(TP) based on water fleas [42]. It was possible
due to a strong correlation between Cladocera
assemblages and TP in a regional training set.
This kind of reconstruction is not frequent and
to conduct one, one must know the regional
relationship between species composition and
the environmental variables driving their
distribution. To get accurate quantitative
reconstruction, Diatomeae may be involved.
This algal group is well known as a powerful
tool for reconstruction of nutrient, especially
phosphorus loading [43].

The adaptation of Copepoda or Rotifera for
paleoreconstruction is rather questionable due
to the weak preservation of their remains in
lake sediments [44, 45] and because they are
often lost during sediment preparation.
Another reason might be the lack of guides to
identification and thus small interest, as
reflected by the number of paleolimnological
studies that use those organisms (Figure 1).
The remains of these animals most likely to be
found in fossil records are spermatophores
(Copepoda) [44] and eggs sacks (Copepoda,
Rotifera) [45]. Fossil Rotifera are hardly ever
found in lake sediment. One of the exceptions
is the sediment core from Lake Crawford
(Canada), where numerous fossil remains were
preserved. Analysis of them aided the tracing
of eutrophication [46]. Due to the great
importance of Diatomeae in lake-based
reconstruction, other algae groups are
neglected in this paper. It is, however,
noteworthy that such algae as Chlorophyta,

20



M. Wojewddka et al: The role of paleolimnology ..., Holistic Approach Environ. 10(2020) 1, pp. 16 - 28

Pediastrum, or Cyanobacteria might be also
useful as proxies of environmental alteration,
especially those that link to eutrophication [47,
48].

Pollen grains

One of the principal techniques of
paleoclimatic reconstruction is analysis of
pollen grains (palynology) from terrestrial and
water plants stored in lake sediments. There
are hundreds of palynological data from
different regions of the world that encompass
varying time and space scales but commonly
spanning the Holocene (the last ca. 11 700 yr
before AD 2000) [49]. Historically, the
character of the pollen record itself has been
applied in chronostratigraphy [50]. Many
studies have given insight into the sequence of
vegetation changes during the last interglacial-
glacial cycle. Most of them provide
information about relative changes. For
instance, a shift from Pinus to Picea may be
interpreted as an alteration from cold to
slightly warmer and more wet conditions [51],
just as the Fagus-Carpinus signature of the
Subatlantic describes a more humid and colder
environment compared to the climate of the
Atlantic [52]. On the other hand, primary and
secondary pollen anthropogenic indicators
provide useful information about
direct/indirect human impact on environment.

The quantification of pollen data and its
interpretation is sometimes problematic due to
the different rate of pollen production and
dispersal  (anemophilous vs. zoophilous
plants). The preservation potential of pollen
grains is closely related to the share of
sporopollenin through the pollen wall. The
sporopollenin  preservation, in turn, is
depended on abiotic factors, as pH or Eh.
Despite  some  difficulties, = numerous
quantitative records of past temperature have
been found. For example, Seppd and Birks
[53] reconstructed changes of summer
temperature and precipitation through the
Holocene at Lake Tsuolbmajavri (Finland). It
is, however, noteworthy that pollen analysis
does not seem to be adequate to track short

and sudden climate changes [54] due to a time
lag in response of vegetation to climate
changes. In such a case, other biological
proxies are more appropriate.

The most frequently used in paleolimnological
research are Diatomeae and pollen (Figure 1).
Further, Ostracoda have been wused to
reconstruct climate and environmental changes
(Figure 1). Due to the different indication
ability of given variables (Table 1), it is
necessary to combine analysis of one
biological proxy with another or with abiotic
variables.

MICROSCOPIC INVERTEBRATES,
PHYTOPLANKTON AND POLLEN IN
THE LAKE/RIVER CATCHMENT AREA
RESTORATION

Paleolimnological traits of fauna and flora
in lake restoration

Lake restoration is quite a broad term and
usually refers to all techniques leading to the
recovery of natural or semi-natural conditions
prevailing in a given lake before human
disturbance [55]. For successful lake
restoration, it is critical to determine reference
conditions — the so-called baseline. For that
purpose, historical data from environmental
monitoring are usually used. The related time
scale is either limited or even unavailable.
Here, the paleolimnology approach may come
in handy due to its ability to track long-term
changes by using the biological indicators
discussed above. Paleolimnological surveys
can also aid the determination of parameters
that need to be considered in lake management
[56].

Antrophogenic disturbance of lakes includes
acidification, water level changes, and toxic
metal pollution [57]. However, one of the most
serious issues that lake management decision-
makers need to tackle is the widespread
eutrophication of freshwater ecosystems. This
phenomenon is especially problematic as it
leads to cyanobacteria blooms, a decrease of
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biodiversity, water turbidity [55], and
impairment in using these water bodies for
socio-economic  goals. Therefore, it is
necessary to recover already degraded lakes.
However, one question must be answered
herein: what are the reference conditions for
the restoration target? Quantitative techniques
using biological indicators could allow this
question to be answered and could determine a
magnitude of changes. The potential of
Diatomeae in the assessment of background
conditions and restoration targets has been
broadly recognized and applied [58]. The
possibility of quantifying nutrient alteration
makes Diatomeae especially useful for that
purpose. Their analysis is one of the most
frequent tools being applied within the
paleolimnological approach towards lake
restoration.

The paleolimnological technique can also be
applied to determine the background
conditions for acidity, organic carbon
concentration, or variation in trace metal
content [57]. Diatomeae may, again, be helpful
here, as they can be used to quantitatively
assess changes of acidification (reflected by

pH).

There are some paleolimnological approaches
implemented in lake restoration. One of them
characterizes the past habitat of a specific
species community [57]. This may be
exemplified by Cladocera-based analysis used
to reconstruct the density of a past fish
community [59]. On the other hand, analysis
of pollen grains or plant fragments (e.g. the
leaf spinule of Ceratophyllum or the basal hair
cells of Nymphaeaceae) provide information
on the alteration of species richness and the
spatial diversity of submerged marcrophytes
[60, 61].

The development of a proper restoration
strategy requires tools for diagnosing water
quality. It must also address the question of
how given ecosystems behave under changing
environmental parameters nowadays. For
obvious reasons, bioindicator analyses (paleo-
and limnological) are broadly used methods.

Selected microscopic invertebrates and
elements of phytoplankton as powerful tool
to find appropriate way of lake restoration

Nutrient overload in a freshwater ecosystem
leads to numerous transformations. It triggers
an increase of fish biomass, including species
that feed at the bottom and those preferring
zooplankton as a food. This, in turn, leads to
water turbidity (due to sediment resuspension)
and a decline in microscopic invertebrates
feeding on phytoplankton [55, 62]. Therefore,
microscopic invertebrates play a crucial role in
controlling algal bloom. Consequently, an
increase of phytoplankton biomass finally
causes a decrease of water transparency and
oxygen depletion. Progressive eutrophication
further leads to a decline in Rotifera,
Cladocera, and Copepoda, and — in extreme
situations — the disappearance of fish [63]. All
of these interplays within the trophy structure
are utilized in a restoration technique called
biomanipulation. Fish removal is a broadly
used method that significantly affects water
quality in eutrophicated lakes. This method is
based on what are known as the mechanisms
of top-down control. Thus, removing higher-
level consumers (e.g. fish) from the food web
structure will cause cascade effects by
increasing the zooplankton biomass [64] and
consequently decreasing the algal abundance.
A great role in food web manipulation is
played by large Cladocera species, especially
those from the Daphniidae family [65]. It is
generally assumed that big Cladocera species
are more efficient filters than other
zooplankton organisms [66]. Hence, the role of

other microscopic invertebrates is often
neglected. However, small Rotifera,
Cladocera, or Copepoda are important

components of the food web structure in
freshwater ecosystems [67]. As such, they may
significantly contribute to the process of algal
reduction as well. In some cases of Mazurian
lakes (Poland), small Cladocera,
detritophagous Rotifera, and Copepoda had a
significant role in controlling algal biomass
[68]. Therefore, there was some discussion as
to whether small zooplankton can fulfill the
same function as larger Cladocera. It was
shown that their appropriate biomass 1is
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essential [68]. The ability of Ostracoda to
control algal biomass, especially benthic green
algal, was confirmed as well [69]. Thus, this
group could sometimes be suitable in
biomanipulation [70]. But, Daphnia species do
still seem to be the most efficient organisms in
filtering water [71, 72].

Submerged macrophytes are important in the
modeling of freshwater ecosystems [73] and
have an impact on both trophy state and water
clarity [59, 74]. Aquatic vegetation provides
food resources and harbor for many
microscopic invertebrates [62, 75]. The
structure and density of submerged vegetation
have a direct influence on species
composition, mutual biotic interactions, and of
physico-chemical water variables [67].
Therefore, the re-establishment of
macrophytes is used as a biological method in
lake restoration. The active contribution of
submerged  vegetation in  combating
eutrophication is linked with several processes,
including providing refuge for zooplankton
[76]. Therefore, the proper architecture of the
structure of macrophytes is key here because
the heterogeneity, spatial distribution, and
morphology of aquatic plants directly
determine the size, composition, and density of
microscopic invertebrates [77]. A significant
correlation of Diatomeae with type of aquatic
plants has also been found [78]. Thus, analysis
of composition and density of zooplankton and
phytoplankton may be useful to evaluate
potential direction in lake management and
restoration as achieved by the use of
macrophytes manipulation [65, 78].
Furthermore, the density and structure of
microscopic invertebrate communities is prone
to change along with nutrient gradient. It may
thus be useful to decide if top-down and
bottom-up (physical and chemical methods for
reducing nutrient availability) controls are
important [72,79]. Especially sensitive and
powerful for assessing the necessity of some
trophy control mechanisms are Rotifera
because they strongly react to trophy state
alteration [6]. Due to that, and as fish put
smaller pressure on those organisms than on
large Cladocera, Rotifera might also act as a
great indicator of bottom-up processes [79]. In

general, an increase of nutrient content leads to
an increase in abundance of Rotifera and a
decline in their diversity [6]. Information
about species composition and their abundance
may be applied in the formation of the rotifer
trophic state index (TSIror), which is used to
determine trophy state [80]. The response of
the zooplankton community to nutrient
enrichment may also be reflected by (1) a shift
within the Cladocera community (an increase
in the contribution of smaller taxa) and a
decline of species richness, (2) a higher share
of Cyclopoida (Copepoda) and a decline or
even disappearance of Calanoids (Copepoda),
and (3) an increase of zooplankton biomass
[71, 72, 81]. Considering the above, Rotifera,
Cladocera, and Copepoda may be handy in the
creation of a restoration concept, for
monitoring water quality during restoration,
and for assessing the effectiveness of the
restoration.

According to the Science Direct database,
Diatomeae and pollen were the most frequent
biological proxies in lake restoration (Figure
1b). In spite of that, all discussed groups of
organisms can significantly contribute to lake
restoration. A big advantage of using
zooplankton to assess water quality is
indisputably its cost-efficiency [72].

CONCLUSION

The presented synthesis of the ability of some
microscopic invertebrates, phytoplankton, and
pollen grains to indicate environment changes
displays their versatile utilization. They are
tools suitable for tracking long-term and short-
term changes. They may be helpful in applied
ecology. However, some limitations in using
the given bioindicators do exist. To
quantitatively follow long-term temperature
changes, pollen analysis is a powerful tool.
Information about the zooplankton and
phytoplankton communities make it possible
to trace water level changes (especially when
using Cladocera and Diatomeae), pH (even
quantitatively, ~when using Diatomeae),
conductivity (especially by using Diatomeae
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and Ostracoda), salinity (when using
Ostracoda), or the trophy state. The
paleolimnological  approach uses these

organisms in lake restoration, i.e., to determine
background conditions, but also to indicate a
potential way of restoration. Furthermore, the
organisms listed are crucial in active
restoration  (especially large Cladocera)
because of their interplays with physico-
chemical variables and other biota of
freshwater ecosystems. Finally, zooplankton
reflects changes in lower and higher trophy
states and environmental quality due to its
pivotal position in the food chain of freshwater
ecosystems. Therefore, zooplankton can be
applied to assess restoration measures and
environment state.
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