
Zooplankton Diversity and Pelagic Food W
ebs    •   Roberta Piscia, Roberta Bettinetti, Barbara Leoni and M

arina M
arcella M

anca

Zooplankton 
Diversity 
and Pelagic 
Food Webs
Investigating Present 
and Past with 
Different Techniques

Printed Edition of the Special Issue Published in Water

www.mdpi.com/journal/water

Roberta Piscia, Roberta Bettinetti, Barbara Leoni and 
Marina Marcella Manca

Edited by



Zooplankton Diversity and Pelagic 
Food Webs: Investigating Present 
and Past with Different Techniques





Zooplankton Diversity and Pelagic
Food Webs: Investigating Present and
Past with Different Techniques

Editors

Roberta Piscia

Roberta Bettinetti

Barbara Leoni

Marina Manca

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Roberta Piscia

CNR IRSA

Italy

Roberta Bettinetti 
Insubria University 
Italy

Barbara Leoni

UNIMIB-DISAT

Italy

Marina Manca

CNR IRSA

Italy

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Water (ISSN 2073-4441) (available at: https://www.mdpi.com/journal/water/special issues/

Zooplankton Diversity Pelagic Food).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03943-549-4 (Hbk)

ISBN 978-3-03943-550-0 (PDF)

Cover image courtesy of Andrea Lami.

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Zooplankton Diversity and Pelagic Food Webs: Investigating Present and Past

with Different Techniques” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
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Preface to ”Zooplankton Diversity and Pelagic Food

Webs: Investigating Present and Past with Different

Techniques”

Zooplankton is of key importance in the structure and functioning of aquatic food webs,

providing a large part of the functional and structural biodiversity of predator and prey plankton

communities. Promptly responding to long-term and seasonal changes in the physical and chemical

environment, zooplankton organisms are sensitive indicators of patterns and mechanisms of

impact drivers, both natural and human induced. In this volume, we aim to present evidence

for both long-term and seasonal changes in zooplankton community structure and dynamics,

investigating different approaches from population dynamics to advanced molecular techniques and

reconstructing past communities from subfossil remains in lake sediments.

By applying an innovative statistical technique, Arfè et al. were able to disentangle the long-term

impact of changes in trophic status, nutrients supply and climate in a large, deep subalpine lake.

Patterns of change in zooplankton and phytoplankton communities at a taxonomic and functional

level were addressed, and the role of the two main drivers (climate and trophy) was identified along

with different phases of the lake’s long-term evolution.

Fundamental ecosystem alteration in high-latitude lakes is of basic importance for holistic

understanding of lake responses and resilience to climate warming. In their contribution to this

volume, Nevalainen et al. investigated long-term changes in the functioning of a Tundra Lake

(Lake Loažžejávri) by means of a paleolimnological approach, based on Cladocera subfossil remain

analyses. The study reconstructed taxonomic and functional changes through a sediment core

representing 2000-year. Variations in functional diversity were associated with climate oscillations.

Higher diversity during warm climate periods suggested the establishment of physical UV refugia for

cladocerans by the benthic vegetative substrata under increasing benthic production. A decreasing

trend of Bosmina sexual reproduction with increasing benthic production also traced a favorable

environmental regime since the 17th century.

Changes in planktivory and herbivory regimes over the last 250 years were the object of a

paleolimnological study by Carrozzo et al., focused on a shallow lake in Argentina (Lake Blanca

Chica). The authors applied Generalized Additive Models (GAM) to time series of fish predation

indicators (ephippial abundance and size, micro size, fish scales, and the planktivory index) and

pheophorbide α concentration. Profound changes in taxonomic composition and in the size structure

of the zooplankton community, and of grazers in particular, resulted in changes in planktivory regime

during lake eutrophication. The results of this study provide a reference status for future management

strategies of this ecosystem.

High mountain lakes are biodiversity treasures and host endemic taxa that are adapted to live

in extreme environments. Among adaptations, production of diapausing eggs allows for harsh

conditions to be overcome during the cold season. These sedimentary resting eggs can provide a

reservoir of species, thus buffering from extinction risk and biodiversity loss. In the contribution

by Piscia et al., the viability of diapausing eggs of Rotifers and Cladocera from sediment cores,

representing the last ca. 1100 and 500 years of two lakes in the Khumbu Region of the Himalayas,

was tested in the laboratory setting. It was found that only diapausing eggs of the Monogont rotifer

Hexarthra bulgarica nepalensis were able to hatch, thus suggesting that a permanent egg bank is lacking
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for the other taxa of the lakes, not least for the two Daphnia species described from these sites. The

different ability of different taxa to leave viable diapausing eggs in the sediments of high mountain

lakes poses serious constraints to the capability of buffering risk of biodiversity loss in these extremely

fragile environments.

Body size is a major trait for zooplankton vulnerability to fish predation. The study by

Czerniawski and Krepski compared abundance and composition of the zooplankton community

in outlet sections of a lake and a waste stabilization pond of a sewage treatment plant. The aim

of the study was to determine which zooplankton organisms, among those drifting from the waste

stabilization pond or from the lake, were preferentially preyed by roach. Large bodied Daphnia pulex

was the most abundant in the pond, while small planktonic rotifers prevailed in the lake. The results

indicated that fish preferentially fed on zooplankton drifting from the waste stabilization pond than

from the lake. The importance of riverine zooplankton in the downstream food web may render these

results even more important.

Understanding the impact of environmental drivers on the regional scale on biodiversity is

crucial for planning effective biodiversity conservation strategies. Mancinelli et al. used a proxy of

phylogenetic diversity of crustacean zooplankton assemblages from 40 ponds and small lakes located

in Albania and North Macedonia to assess the level of prediction of changes from waterbodies’

landscape characteristics and local bioclimatic conditions. The species–area relationship hypothesis

proved inadequate in explaining the diversity of crustacean zooplankton assemblages; in contrast,

local biological and climatic factors appeared to influence species richness and composition, but not

phylogenetic diversity. The latter is in fact a result of long-term adaptation mechanisms and, as such,

is hardly predictable and largely unreplaceable.

Coastal lagoons are very important ecosystems, still poorly studied, particularly with respect to

the impact of changes in water quality. In the paper by Oghenekaro and Chigbu, mesozooplankton

abundance, diversity and community structure were analyzed in time and space with respect to

changes in salinity and temperature. Diversity was higher at sites with high salinity near the

Ocean City inlet than at sites near the mouth of tributaries with lower salinity, higher nutrient

levels and higher phytoplankton biomass. It was hypothesized that the relatively low salinity and

high temperatures in 2013 were responsible for the increase in abundance of hydromedusae, in turn

resulting in decreased abundance of bivalve larvae and other taxa, because of increased predation.

Climate change is expected to influence population dynamics of copepods, and effects are likely

more pronounced for marine species at high latitudes. The study by Balazy et al. focuses on key

zooplankton species of the genus Calanus in the European Arctic. Analyzing changes in body size and

phenology of populations from two fjords on the West Spitsbergen Shelf (cold Hornsund vs. warm

Kongsfjorden), they found that in Hornsund, the share of Calanus in the zooplankton community

was greater, and the copepodite structure was progressively older over time, matching the little

auks (Alle alle; seabird) timing.. The importance of Calanus was much lower in Kongsfjorden, and

with a prevalence of young copepodites; this result was explained by the Atlantic water advections,

which made this area a less favorable feeding ground. Altered age structure towards a domination of

young copepodites and the body size reduction of Calanus with increasing seawater temperatures was

interpreted as resulting in insufficient food availability for these seabirds, a reason for recommending

further studies on match/mismatch between Calanus and little auks.
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Exotic species invasion is recognized as a potential hazard for biodiversity conservation and

ecosystem services. Camatti et al. describe the history of the invasion and the present distribution of

the copepod Acartia tonsa in the Venice lagoon. Temporal trends and changes in coexistence patterns

among original Acartia species before and after A. tonsa settlement and dominance are discussed in

their contribution. Disappearance of local species previously dominant and a possible coexistence

with the invader are analyzed in detail, highlighting the environmental factors promoting the success

of the invasive species. An analysis of spatial distribution of A. tonsa revealed significant association

with temperature, phytoplankton, particulate organic carbon (POC), chlorophyll α, and counter

gradient of salinity. The study overall confirms A. tonsa as an opportunistic tolerant species.

Protists, basic components of plankton communities, are the object of the study by Chen et al.

Aiming at investigating the impact of sand dust and phosphorus (P) on the microbial food web of the

southern Yellow Sea, laboratory experiments investigated changes in the protists community exposed

to different concentrations of sand dust and P. The study showed that the effects of the addition of

sand dust and phosphorus on size fractions and on autotrophic vs/ mixotrophic protists were similar

and dependent on exposure time. Phosphorus addition initially promoted growth of autotrophs,

while at the late period of sand dust deposition, small-size heterotrophic protists contributed to the

material cycle and food transmission in the ocean. The positive effect of sand dust deposition on

autotrophic plankton of the southern Yellow Sea, naturally P deficient, was attributed to a release of

P from sand dust. In turn, the release resulted in alteration of the structure of the micro-food web,

therefore affecting the ecological function of planktonic protists in the system.

Zooplankton is crucial for the transfer of matter, energy and pollutants through aquatic food

webs. Such transfer varies with the season, along with changes in contribution of primary and

secondary consumers to zooplankton abundance and standing stock biomass. In the paper by Piscia

et al., taxa- and size-specific carbon and nitrogen stable isotope analysis is applied for tracing the

path of pollutants through zooplankton along the seasons. Plurennial changes in concentration of

polychlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane and its relatives (DDTs) were

analyzed along with size- and taxa-specific δ15N signatures in a large deep, subalpine lake. The

highly significant correlation between taxa-specific δ15N and pollutant concentrations, resulting from

taxa contribution to standing stock biomass and δ15N isotopic signatures, proved a basic step in

understanding the taxa-specific role in zooplankton enrichment in PCBs and DDTs and the seasonal

dynamics of pollutants’ transfer to planktivorous fish.

Mining is recognized to deeply influence invertebrate assemblages in aquatic ecosystems. The

study by Pociecha et al. used Cladocera fossils in sediment cores to reveal the effects of cessation

of mine water discharge on a Cladocera community structure and density. The aquatic system

investigated includes the river and associated subsidence ponds in the valley. Some ponds were

contaminated during the period of mining, which ceased in 2009, while one of the ponds only

appeared after mining had stopped. The concentrations of Zn, Cd, Cu and Pb were much higher

in sediments of the ponds formed during peak mining than in the ponds formed after the closure of

the mine. Statistical analysis (CCA) showed that Alonella nana, Alona affinis, Alona sp. and Pleuroxus

sp. were strongly correlated with pond age and did not tolerate high concentrations of heavy metals

(Cu and Cd). Overall, the study provides evidence that the rate of water exchange by the river flow

and the presence of aquatic plants affect species composition more than pond age itself.
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The studies provide evidence of the importance of zooplankton in trophic webs of both fresh

and salt waters. Providing new useful tools for better manage water ecosystems, these studies also

highlight the need to improve our knowledge of zooplankton ecology and factors and mechanisms

regulating their relationships with the environment in order to preserve the aquatic ecosystems that

are increasingly impacted by human activities in the Anthropocene age we are living in.

Roberta Piscia, Roberta Bettinetti, Barbara Leoni, Marina Manca

Editors
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Abstract: We describe the long-term (1981–2008) dynamics of several physico-chemical and biological
variables and how their changes may have influenced zooplankton structure in Lake Maggiore
(Italy). Data was available for the 1981–1992 and 1995–2008 periods. Standardized time-series for
temperature and total phosphorus (TP), chlorophyll-α, phytoplankton density (cel m−3), and cell size
(μm3), as well as zooplankton structure (Copepoda, Cladocera, and Rotifera density, ind m−3) were
smoothed using penalized B-splines and analyzed using Functional Principal Components (FPCs) to
assess their dominant modes of variation. The first four FPCs explained 55% of 1981–1992 and 65% of
1995–2008 overall variation. Results showed that temperature fluctuated during the study period,
particularly during 1988–1992 with a general tendency to increase. TP showed a declining trend with
some reversions in the pattern observed in the years 1992, 1999, and 2000. Phytoplankton estimators
and chlorophyll-α concentration showed a variable trend along the study period. Zooplankton
groups also had a variable trend along the study period with a general increase in density of large
carnivorous (mainly Bythotrephes longimanus) and a decrease of large herbivorous (mainly Daphnia),
and a similar increase in the ratio of raptorial to microphagous rotifers. Our results suggest that the
lake experienced a strong trophic change associated with oligotrophication, followed by pronounced
climate-induced changes during the latter period. TP concentration was strongly associated with
changes in abundance of some zooplankton taxa.

Keywords: B-Splines smoothing; Functional Data Analysis; limnology; monitoring ecological
dynamics; oligotrophication; zooplankton; phytoplankton

1. Introduction

Lakes occur at a pivotal position in global landscapes, receiving inputs of both organic and
inorganic matter, and generally reflect events occurring in their watersheds. Some of these events
stress aquatic life, including soil and water acidification, soil erosion, loss of base cations, release of
heavy metals or organic compounds, and application of essential nutrients capable of stimulating
primary productivity [1–11]. Superimposed on these changes, climate warming directly impacts lakes
via alteration of species’ metabolic processes and indirectly by modifying food web interactions [12,13].
The scale of these stressors is influenced by many factors, including loading rate, basin morphometry
and depth, and water residence time.

Water 2019, 11, 962; doi:10.3390/w11050962 www.mdpi.com/journal/water1
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Many stressors interact in a manner that can be difficult to predict [14]. In part, this difficulty stems
from the different possible responses by species or entire taxonomic groups to stressors, which may
interact additively, synergistically, or antagonistically [2,15]. Mechanistically, negative co-tolerance by a
species to interacting stressors yields either additive or synergistic responses with amplified consequences,
whereas positive co-tolerance produces antagonistic responses with damped consequences [2]. The onset
and termination of stressors often vary temporally, thus it may be possible to use long-term dynamics of
lake food webs to discern changes owing to individual stressors or to interactions between them [16].
In a meta-analysis, Jackson et al. [15] determined that warming and nitrification resulted in additive net
effects in freshwater systems, while warming and any other stressor was antagonistic.

While excellent long-term analyses exist for individual stressors, such as cultural eutrophication [17],
there exists a relative dearth of similar studies to disentangle individual effects in systems subjected to
multiple stresses. Long-term studies are essential to fully understand responses by lake ecosystems to
perturbations. Schindler [18] warned against extrapolation of short-term or small-scale studies to reveal
processes important to cultural eutrophication, noting that only long-term, whole-lake experiments and
case histories of recovered lakes can reliably inform abatement policy. Despite this and other calls for
long-term studies of lakes [6], there remains a surprising paucity of such studies (but see, for example,
References [9–22]).

The objective of this study was to analyze the long-term dynamics of several physico-chemical
and biological variables of Lake Maggiore to identify major trends and how this variation impacts
zooplankton abundance and community structure. Lake Maggiore is a large, deep lake in the subalpine
area of northern Italy, which sustained a wide-ranging series of major perturbations during the 20th
century. These changes included cultural eutrophication, organic chemical contamination, commercial
fishing, climate warming, and species introductions. To characterize the variation in time of several
biological and physico-chemical parameters of Lake Maggiore, we adopted a Functional Data Analysis
(FDA) approach [23] based on penalized B-spline smoothing and Functional Principal Components
Analysis (FPCA). This approach, seldom considered within the ecological literature, has several features
that make it especially suited for the analysis of limnological data.

2. Materials and Methods

2.1. Study Area

Lake Maggiore is an oligomictic, subalpine (194 m above sea level) lake, largely contained within
Northern Italy but shared in the Northern end of the basin with Switzerland. The lake has a surface area
212.5 km2 and a maximum (mean) depth of 370 m (177 m), a product of tectonic-glacial activity. Lake
Maggiore is one of the best-studied lakes in the world, with a long-term record of physico-chemical and
phytoplankton and zooplankton data dating back to the mid- or even early 1900s for some variables [24].
The drainage basin (including the lake area) covers 6599 km2, yielding a drainage basin/lake area ratio
of 31:1. This high ratio along with unusually steep hillslopes substantially affect the lake’s hydrology
and many environmental variables. Geological features of the watershed have been influenced by
alpine orogenesis and glaciation, and thus are complex. The major topographic feature is a narrow
steepsided valley through the Piedmont and Lombardy regions of Italy.

As with many lakes in Europe, P-limited, oligotrophic, Lake Maggiore experienced cultural
eutrophication from the late 1960s throughout the 1970s; peak total phosphorus (TP) and chlorophyll-α
concentrations were detected at the end of 1970s, with values as high as 40 μg m−3 of total phosphorus
in-lake concentration at winter mixing (TPmix) of 1979, attesting to mesotrophic conditions of the
lake [25]. Gradual implementation of sewage treatment plants, and a reduction of the phosphorus
content in detergents, led to a gradual decline in TP and eutrophication reversal. A time lag was
reported in the response of plankton communities to TP decline: as expected, changes in zooplankton
and phytoplankton became evident only after TPmix concentration declined below a threshold of
15 mg m−3 in 1988 [26]. According to Sas [27], this is the level at which the total phosphorus becomes
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limiting to phytoplankton growth. The trophic evolution of the lake is most strictly represented by
Cladocera rather than copepods [28,29].

2.2. Data Collection

In this study, we describe dynamics of biological and physico-chemical variables of Lake Maggiore’s
ecosystem for the periods 1981–1992 and (separately) 1995–2008. Specifically, we considered physical
and chemical variables, i.e., water temperature and total phosphorus, as well as biological variables, i.e.,
phytoplankton and zooplankton population density, biomass, and cell size (measured by cellular volume).

Data for both periods were collected as part of the long-term monitoring of Lake Maggiore,
funded since the late 1970s by the International Commission for the Protection of Swiss-Italian Waters
(Commissione Internazionale per la Protezione delle Acque Italo-Svizzere, CIPAIS) and published in
annual reports (available at www.cipais.org). Phytoplankton and zooplankton measurements were
also obtained from the “Plankton and the pelagic food web” research project funded by the National
Research Council (CNR). All measurements refer to a single sampling station (45◦58’30” N; 8◦39’09” E)
at the lake’s maximum depth, which is representative of the pelagic environment [30,31].

In more detail, monthly data on temperature at 0–20 m depth, the water layer representative
of the euphotic zone, were based on annual reports of the CNR-ISE meteorological station [32–37].
Total phosphorus concentration was based on a maximum of 13 measures at different depths and
was included as indicative of changes in lake trophic status. Data on phytoplankton density and
cell size as well as chlorophyll-α were based on integrated phytoplankton samples collected every
other week with a 1.5 L van Dorn bottle within the 0–20 m layer. Samples for chlorophyll analysis
were filtered through GF/C glass fibre filters (about 1μm pore size). The filters were then stored on
silica gel at −20 ◦C. After about 2–3 weeks the filters were mechanically ground and transferred to
acetone 90%. The absorbance of the pigments was measured in a spectrophotometer (Perkin-Elmer
Lambda 6); the chlorophyll-α and phaeophytin concentrations were calculated in accordance with
Lorenzen [38]. Phytoplankton samples were preserved with acetic Lugol solution and counting was
made following the Utermöhl method [39] at 400x in an inverted microscope [40]. Species identification
and nomenclature followed the more recent monographs of the series Sußwasserflora von Mitteleuropa,
established by A. Pascher (Gustav Fisher Verlag, and Elsevier, Spectrum Akademischer Verlag),
specific manuals of the series Das Phytoplankton des Sußwassers, established by G. Huber-Pestalozzi
(E. Schweizerbart’sche Verlagsbuchhandlung), and specific papers [41]. Zooplankton population
abundance data (Bythotrephes longimanus, Leydig 1860; Eubosmima longispina, Leydig 1860; cyclopoid
copepods, Daphnia longispina-galeata, Wagler, 1937; Diaphanosoma brachyurum, Liévin 1848; and Leptodora
kindtii. Focke 1844; and Rotifera) were obtained monthly with a 76-μm nylon net Clarke-Bumpus
plankton sampler, towed at a constant speed of ca 3 km h−1, along sinusoidal hauls from the surface
to 50 m depth, i.e., in the water layer where zooplankton live [30]. Samples included at least 1000 L
of water and were fixed in 4% buffered formaldehyde before counting and identifying the genus or
species under a microscope at 6.3x. Taxa identification was based on volumes of the Identification
Guides to the Plankton and Benthos of Inland Waters (formerly “Guides to the Identification of the
Microinvertebrates of the Continental Waters of the World”, H. J. F. Dumont coordinating Editor.
Backhuys publisher). Further details on data collection are reported elsewhere [29,31].

2.3. Smoothing Data through Penalized B-Spline Expansions

Although biological and physico-chemical parameters are typically measured at discrete instants,
their temporal dynamics can be better represented as a smooth function varying in some continuous
time interval [a, b]. These smooth representations are of main interest in FDA, where they are typically
recovered by penalized splines approximations. Briefly, a spline basis is a set of known functions, which
can be used to approximate any other function with arbitrary precision. One such set frequently
used in FDA consists of smoothly-joined piecewise polynomial functions called B-splines. These allow
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researchers to represent any collection of m time series si(tik) (indexed by i = 1, . . . , m and observed at
distinct time points ti1, . . . , tiKi ) with smooth functions xi(t) of the form

xi(t) =
B∑

j = 1

cijbj(t), (1)

where t belongs to the time-interval [a, b] and B is the considered number of B-splines bj(t). The number
B is uniquely determined by the polynomial degree and the chosen number of knots, i.e. the points
where the different polynomial pieces are joined [23]. The coefficients cij, which provide the best smooth
approximation of the observed time-series, are obtained by minimizing the Penalized Sum-of-Squares
Error (PSSE)

PSSEi =

Ki∑
k = 1

[si(tik) − xi(tik)]
2 + λi

b∫
a

[
d2xi(t)

dt2

]2
dt. (2)

PSSEi is the sum of two terms: the first represents the sum of squared approximation errors,
which decreases as the B-spline approximation better fits the data; the second is linked to the so-called
“strain energy” (much like stretched elastic bands, the more the curve xi(t) is “wiggly”, the higher its
strain energy). Hence, minimizing PSSEi results in a B-spline approximation whose fit to the data is a
compromise between low approximation error and “wiggliness” of the resulting curve (thus avoiding
overfitting). This trade-off is controlled by the penalization coefficient λi ≥ 0, which is usually chosen by
the generalized cross validation method [23].

2.4. Functional Principal Components Analysis (FPCA)

FPCA is a generalization of standard Principal Components Analysis (PCA) to the situation where
data is represented by smooth continuous curves (possibly obtained by penalization techniques), as in
our setting [23]. Specifically, Functional Principal Components (FPCs) are square-integrable orthonormal
functions ej(t) that best represent, in a least-squares sense (see the Appendix A), the m smooth curves
xi(t) by means of expansions such as

xi(t) � x(t) +
n∑

j = 1

fi jej(t), (3)

where x(t) = 1
m
∑m

i = 1 xi(t) is the mean function, n is the number of FPCs ej(t), and fi j is the (FPC)
score for the i-th time series with respect to the j-th FPC [23]. As in standard PCA, FPCs are chosen so
as to capture the greatest possible variation in the observed data. More precisely, each FPC ej(t) (with
j = 1, . . . , n) is chosen in order to maximize the corresponding explained variation, i.e., the variance
σ2

j of the m values f1 j, ..., fmj, with σ2
1 ≥ σ2

2 ≥ · · · ≥ σ2
n. Thus, for example, the first and the second FPC

e1(t) and e2(t) represent the mode of variation from the overall mean x(t) associated with, respectively,
the greatest and the second greatest possible variation between the curves x1(t), ... xm(t). On the other
hand, the score fi j measures how well the j-th FPC captures variation over time of the i-th time series
(scores of higher absolute magnitudes are associated to the FPCs capturing the greater amount of
variation). In more detail, a small fi j score signifies that the j-th FPC does not capture the time variation
of the i-th time series. Instead, a high positive (negative) fi j score signifies that the time variation of the
i-th time series is captured by the same (opposite) trend than the j-th FPC. For example, if the j-th FPC
shows an increasing global trend, then a positive (negative) fi j means that the i-th time series increases
(decreases) over time.

When the FPCs have been identified, their interpretation can be aided by plotting the two
curves obtained by adding and subtracting from the overall mean x(t) the scaled FPCs, i.e., the curves
x(t) ± 1.5σ jej(t) for each FPC ej(t). Furthermore, the VARIMAX strategy (commonly used in standard
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PCA) can be generalized to the FPCA setting. According to this strategy, the FPCs are rotated so that
each component is associated to only a small number of high scores. Rotating the FPCs according to
this strategy can therefore aid their interpretation [23].

2.5. Describing Lake Maggiore’s Dynamic by Functional Data Analysis

The above-described data analysis methods were implemented to assess long-term temporal
dynamics of Lake Maggiore as follows. First, the time-series for the considered variables were
smoothed by means of penalized B-splines. Uniformly spaced knots (one about every 30 days) were
considered for both the 1981–1992 or 1995–2008 periods, in each case for a total of B = 200 B-splines.
This choice ensured that smoothed curves had enough flexibility to represent month-level changes in the
underlying variables. Second, FPC analysis was performed on the B-spline smoothed time series of the
standardized variables. Specifically, each time series si(tik) was standardized as (si(tik) − si)/τi where
si and τi are respectively the mean and standard deviation of the Ki observations si(ti1), . . . , si

(
tiKi

)
.

Standardization ensured time-series were expressed on the same dimensionless scale, allowing direct
comparisons between them. Smoothed standardized time-series (using B = 200 B-splines) were then
used to extract VARIMAX-rotated FPCs. All components that explained at least 10% of total variability
of the smoothed standardized time series, i.e., the sum of the σ2

j [23], were extracted. All analyses were
performed in the statistical software R (version 3.0) using the “fda” library [23].

3. Results

3.1. Long-Term Limnological Change

Thermal conditions changes in Lake Maggiore over the study period. Mean summer temperature
across the 0–20 m depth averaged 21.2 ◦C between 1981 and 1992 and 21.9 ◦C between 1995 and
2008, as also observed in previous studies [42]. Lake Maggiore underwent a gradual warming of the
epilimnion in the decade 1988–1998, according to the trend of increasing heat content of the deep
Italian lakes, pointed out by Carrara et al. [43]. The period was characterized by strong fluctuations,
in particular between 1988 and 1992. Since 1999, the increase of water temperature was less evident,
probably because of the occurrence of particular hydro-meteorological mechanisms reducing the
heat content of the water column [43,44]. Lake Maggiore also experienced a dramatic reduction in
total phosphorus (TP) concentration over the study period. Mean TPmix concentration declined from
10.9 μg L−1 between 1981 and 1992, to 8.4 μg L−1 between 1995 and 2008. An exceptionally high value,
of 17 μg L−1, was detected in 1991, after the lake’s complete winter overturn. Over a general increase,
a second peak value was recorded in 1999, after another complete overturn. The overall increase to
stable values of 11 μg L−1 after 2000 could be mainly explained by meteorological-climatic conditions,
rather than by an eutrophication reversal [45]. Eutrophication abatement results were mixed, however,
as mean chlorophyll-α concentration fell sharply (from 4.7 to 3.4 μg L−1) between these periods, though
results for phytoplankton biomass were less clear (1830 vs. 1181 mm3 m−3, respectively).

3.2. Description of the Smoothed Time-Series

The observed and smoothed time-series of the considered variables are represented in Figure 2.
A visual inspection of the graphs in Figure 2 suggests that the smoothed curves have a good fit
to the overall trend of the corresponding variables. Major variations in phosphorus concentration,
phytoplankton cell size and chlorophyll-α concentration during 1981–1988 matched an increase in
variability and mean density of Bythotrephes longimanus, and a decrease in between-year variability
and mean annual population densities of Bosmina (mainly, Eubosmina longispina) and Daphnia
(D. longispina-galeata gr.). The increased within-year variability in Bythotrephes observed during
the 1990s was maintained across the second time period, whereas Daphnia and Bosmina variability
and population density increased between 2002–2008, along with Diaphanosoma brachyurum. During
2002–2008, variability of diaptomid copepods seems to have decreased slightly relative to the periods
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1981–1992 and 1995–2000. Rotifer (and to lesser extent) Leptodora kindtii density were characterized by
increased variability during the last five years of the 1995-2008 period. In addition, rotifer communities
changed dramatically through time, with the mean ratio of raptorial to microphagous species abundance
decreasing from 1.5 ± 2.0 (mean ± st.dev.) during 1981–1992 to 0.5 ± 0.6 (mean ± st.dev.) during
1995–2002 [42,46].

Phytoplankton density was highly variable during the 1996–1998 interval. Phosphorus
concentration, phytoplankton cell size, chlorophyll-α concentration, Bosmina and Daphnia population
density all exhibited a more variable trend during 1981–1992 than during 1995–2008 using both
observed and smoothed time-series data (Figure 2). Conversely, phytoplankton density, Bythothrephes,
cyclopoid copepods, and Diaphanosoma population density were more variable between 1995–2008.

 

 

Panel (A): Physico-chemical variables. 

 

 

 

Panel (B): Phytoplankton-related variables. 

Figure 1. Cont.
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Panel (C): Zooplankton-related variables. 

Figure 1. Observed and smoothed time series for all physico-chemical and biological variables.
Continuous line = smoothed curve; circles = original data points. Panel (A): Physico-chemical variables.
Panel (B): Phytoplankton-related variables. Panel (C): Zooplankton-related variables. Data were not
available for 1993-1995. Points are monthly means, lines are the smoothed value.

3.3. Extracted Functional Principal Components

For both periods, the first four rotated FPCs were retained, and explained 55% and 65% of the
overall variation of smoothed standardized variables for 1981–1992 and 1995–2008 periods, respectively.
The effect of each FPC (denoted FPC1-4 in decreasing order of explained variation for both periods) on
the trend of considered variables is represented in Figure 2. This shows, for the two periods, the overall
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mean (continuous line) of the smoothed standardized variables, along with curves representing the
effect of adding (dashed line) or subtracting (dotted line) each scaled FPC on the mean. The FPC1
corresponds to an overall increasing trend in both the 1981–1992 and 1995–2008 periods, as in each
case the dotted (increasing) and dashed (decreasing) lines cross the graph of the overall mean as time
increases (Figure 2a). In addition, the FPC1 for the 1981–1992 period also corresponds to more extreme
of mid-year values during the 1990s. Similarly, the FPC1 for 1995–2008 corresponds to more extreme
mid-year values during the second half of the 2000s, as well as very extreme values at the end of 2000.
Fluctuations around the overall mean for FPC1 mirror the high variability of phosphorus concentration
and of Bythotrephes density during 1981–1993.

Dynamics of the other principal components (FPC2-4) are highlighted in Figure 2b,c. Briefly,
FPC2 corresponds to more extreme values during the 1980s (especially in 1981, 1982, 1983 and 1986) and
during the 2000s. Strong deviations observed during the 1980s can be attributed to fluctuations of two
parameters with the highest scores on this component: The density of Bosmina and the concentration
of chlorophyll-α. FPC3 gives more weight to 1982 and 1984, as well as 1996, 1997, 2003, and 2005.
The high variability, in some of these years, of chlorophyll concentration and Daphnia density explains
much of the observed fluctuations around the overall mean. Lastly, FPC4 gives more weight to 1985
and the 2000s, especially 2005. The observed perturbations from the mean during the 2000s can be
explained by variation in Leptodora population density.

 

 

 

Figure 2. Cont.

8



Water 2019, 11, 962

 

Figure 2. Temporal fluctuations from the mean of all standardized functional variables (solid line)
obtained by adding (dashed line) or subtracting (dotted line) the extracted FPCs, each scaled by 1.5
times the square root of its explained variance (panels: a, FPC1; b, FPC2; c, FPC3; and d, FPC4).

3.4. Functional Principal Components Scores

The scores for the FPC1 show how, during 1981–1992, Bythotrephes population density (score 48.2)
increased dramatically during the 1990s, while phosphorus concentration decreased over time (score
−37.8) (Table 1). Phosphorus concentration maintained a similar trend during 1995–2008 (score −45.2),
while water temperature increased during both considered periods (score of 30.5 in 1981–1992 and of
30.2 in 1995–2008), fitting FPC1 better than Bythotrephes density (score 19.8) (Table 1).

Table 1. Functional Principal Components (FPCs) scores for three different groups (in italics) of
considered variables. The most extreme positive and negative scores are highlighted (italics) for each
FPC. Pop. dens. = population density.

Functional Principal Components (FPCs) Scores

Calendar period 1981–1992 1995–2008

Variables FPC1 FPC2 FPC3 FPC4 FPC1 FPC2 FPC3 FPC4

Physico-Chemical
Water temperature 30.5 11.9 16.7 13.1 30.2 10.9 −12.6 −25.7

Phosphorus concentration −37.8 −16.6 −25.9 −46.9 −45.2 −15.2 −14.2 −2.0
Phytoplankton-related

Phytoplankton pop. dens. 13.7 −10.6 12.6 −3.8 8.6 1.1 −39.6 5.5
Chlorophyll-α
concentration −11.2 −9.7 3.8 8.6 12.6 −29.1 −16.5 1.9

Phytoplankton cell size −20.8 −18.7 −21.0 3.9 −17.0 −19.5 12.1 10.4
Zooplankton-related
Bosmina pop. dens. −13.0 37.5 −17.7 26.0 20.6 46.1 1.4 20.0

Bythotrephes pop. dens. 48.2 −17.2 −14.7 −17.1 19.8 1.0 −1.8 −16.6
Cyclopoid pop. dens. −16.0 −10.6 41.8 0.1 −38.5 1.4 7.6 15.9

Daphnia pop. dens. −14.0 34.6 −4.6 7.9 9.2 −15.0 33.8 17.9
Diaphanosoma pop. dens. 12.4 −2.1 24.8 −9.7 4.3 34.0 10.2 −32.9

Diaptomid pop. dens. −1.3 −9.1 2.9 13.8 −28.1 5.4 −3.0 24.7
Leptodora pop. dens. 13.3 31.8 4.6 −12.2 11.4 0.7 4.7 −33.5
Rotifer pop. dens. −4.1 −21.1 −23.2 16.3 12.0 −21.8 18.0 14.4

Scores for FPC2 during 1981–1992 show how this principal component had the most effect on
Bosmina density (score 37.5), which reached higher values at the start of 1980 (Figure 2c). By contrast,
rotifer density (score −21.1) was stable at the start of the 1980s and more variable at the end of the
decade (Table 1). During 1995-2008, FPC2 was affected in a similar way by both Bosmina density (score
46.1) and rotifer density (score −21.8). Chlorophyll-α concentration (score −29.1), which reaches its
lowest values in 2001 (Figure 2b), also becomes important for FPC2 in this period.
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The scores for FPC3 during 1981–1992 show that this FPC were most affected by cyclopoid copepod
density (score 41.8), which reached high values in both 1982 and 1984 (Figure 2c), and phosphorus (score
−25.9) which reached a minimum concentration in 1984 as oligotrophication proceeded (Figure 2a).
Between 1995–2008, FPC3 was most affected by Daphnia density (score 33.8), which reached high values
in 2003 and 2005 (Figure 2b), and phytoplankton density (score −39.6), which had very high values in
1996–1997 (Figure 2b).

Lastly, in 1981–1992, FPC4 was most affected by phosphorus concentration (score −46.9), which
had a minimum in 1985 (Figure 2a), and Bosmina density (score 26.0), which reached one of its highest
values in the same year (Figure 2c). During 1995–2008, FPC4 was most affected by diaptomid copepod
density (score 24.7), whose within-year dynamic changed substantially during the 2000s (Figure 2c),
and Leptodora density (score −33.5), which reached high values in the summer 2005 (Figure 2c).

4. Discussion

We used Functional Data Analysis to describe long-term abiotic and biotic dynamics of Lake
Maggiore. FDA has features that made it ideal for long-term studies like ours. FDA provides a useful
framework to analyzing short and long-term dynamics of a lake ecosystem, its data smoothing respects
the continuous nature of the underlying biological and physico-chemical processes while accounting
for potential irregularities during measurement periods, and it allows analysis of dominant modes of
variation in trajectories of measured parameters in a way that respects the time ordering of observations.

FPCA proved useful in identifying Lake Maggiore’s responses to both trophic and climatic
variability. Among the extracted FPCs, FPC1 illustrated the increasing trend of Bythotrephes
population density and decreasing trend of phosphorus concentration at the beginning of
oligotrophication, between 1981–1992. In 1996 and 1997, large blooms of ultraplankton—including
small cyanobacteria—occurred in the lake, coincident with very low mean densities of Daphnia.
However, as lake productivity declined owing to phosphorus abatement [25–27,42] below 15 mg m−3,
the level at which TP mix becomes limiting for phytoplankton growth [27], Bythotrephes increased in
density, while Daphnia declined [47,48]. A previous study has demonstrated that Bythotrephes occurs
primarily in European lakes with low summer chlorophyll concentration [49], consistent with its
resurgence during oligotrophication in Lake Maggiore. The decline in Daphnia (see Table 1) could be
due to either reduced food supply (bottom-up response) or to increased predation by Bythotrephes
(top-down response), or both. Available evidence suggests that food reduction may have caused the
decline between 1983 and 1987, as declining phytoplankton stocks may have caused food limitation.
However, beyond this point, predation by Bythotrephes likely accelerated the decline in Daphnia density,
as the latter’s death rate increased when Bythotrephes populations surged beyond 20 ind·m−3 beginning
in 1987 [47]. Larger and seemingly more potent Bythotrephes sharply curtail crustacean abundance
when present at levels beyond ~2 ind·m−3 in Ontario lakes [50]. Interestingly, Leptodora and Bythotrephes
have inverse distributions in Ontario lakes with the former often replaced by the latter after it invades
new systems [51]. These species show no such pattern in Lake Maggiore, where both species are native
and presumably co-adapted to one another’s presence. In addition, body size differences between the
species are much smaller than in Ontario lakes, suggesting less physical dominance by Bythotrephes.

In addition to dramatic changes in population density, Bythotrephes has also experienced large shifts
in seasonality, with peak density shifting from August to May (see Figure 2c) as the lake warmed [31,36].
This, in turn, may have increased predation pressure on Daphnia [47,48], which previously typically
achieved population maxima in July but now peaks months earlier [52]. The second phase of Daphnia
increase, during full and stable oligotrophy, resulted both from Daphnia’s ability to cope with increased
invertebrate predation by means of changes in population phenology and by a release from fish predation
consequent to a decrease in coregonid (i.e., whitefish) abundance, which also favors consumption of
Bythotrephes over Daphnia [53,54]. Previous research has demonstrated strong preference of coregonid
fishes for Bythotrephes prey [55].
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Oligotrophication was associated with a decline in phytoplankton density between 1995–2008,
as clearly shown by both FPC2 and FPC3. However, this reduction in plankton food resources does
not seem to have affected most cladocerans as FPC2 highlighted an increase of Bosmina whereas FPC3
captured the same trend for Daphnia. We hypothesize that the long-term increase in water temperature
stimulated the growth of Daphnia—as demonstrated by peak population density achieved during the
heat wave of summer 2003—possibly owing to reduced development time [56,57].

FPC analyses are compatible with a response by planktonic communities to both temperature
increase and total phosphorus concentration decline. The former variable enhances primary production
with its consequent indirect, positive effect on herbivores and negative effect on Bythotrephes, whereas
the latter appeared to favor Bythotrephes and its strong top-down effects.

Raptorial dominance declined after 1988 concomitant with changes in cladocerans: Bythotrephes
longimanus increased by an order of magnitude, Daphnia gr. hyalina-galeata showed a sharp decline
and small cladocerans such as Eubosmina longispina and Diaphanosoma brachyurum increased [26,29].
An increase in B. longimanus releases rotifers, especially large Conochilus hippocrepis (or C. volvox ehrbg,
Schrank, 1803) colonies, from competition with cladocerans [58]. The decrease in abundance and mean
size of phytoplankton cells with lake restoration might have enhanced microphagous species able to
ingest multiple food items of ~15–20 μm, while raptorials prefer larger particles [46,59–61]. Decreased
abundance of competitors and decreased food size, therefore, might enhance microphagous species,
while raptorial species were able to coexist with their competitors [46,59,62]. Large (≥1 mm diameter)
Conochilus colonies have feeding rates comparable to Daphnia and lead to a seasonal increase in water
clarity like that caused by Daphnia grazing [58].

The response of rotifers to changes in the macrozooplankton assemblage is probably more
complex than previously hypothesized. Manca [63] reported a strong increase of Conochilus hippocrepis
in Lake Maggiore when Bythotrephes became increasingly abundant in the late 1980s. However,
the FPCA highlighted that the increase in rotifer density preceded that of Bythotrephes and the two
populations seemed to follow divergent development trajectories during the periods examined.
Therefore, the behavior of rotifers during oligotrophication of Lake Maggiore is different from that
observed in Ontario lakes, where they benefited numerically from competitive release associated
with reduced density of Daphnia competitors when Bythotrephes was abundant [64]. Once established,
C. hippocrepis populations would be relatively immune to growing Bythotrephes populations owing to
its gelatinous colonial matrix.

Exceptional meteoclimatic events can be detected over the long term [65]. As an example, the almost
complete vertical mixing of February 1999 and the record flood of 2000 were also reported to impact
zooplankton seasonal dynamics. As reported by Manca, Cavicchioni and Morabito [66], nutrient
replenishment of surface waters from deeper waters consequent to vertical mixing triggered a cascading
effect, involving all planktonic communities. Larger input of new nutrients stimulated phytoplankton
productivity and higher food availability for herbivorous zooplankton, resulting in an increased density
of rotifers, copepods, and cladocerans, as well as of Daphnia clutch size. Finally, an increase of predatory
cladocerans (Leptodora) was recorded in July, five months after the complete mixing episode. Temperature
can control nutrient supply, by affecting the extent of the mixing layer at the time of spring overturn:
This mechanism is particularly effective in deep Italian lakes [67,68], where a strong link between winter
temperature, mixing depth and was established. Similarly, the record flood of 2000 is well identified in
the time series analyzed. Impact on zooplankton included detection in the pelagic of littoral taxa such as
Bosmina longirostris and altered the seasonality of Bythotrephes longimanus [52].

5. Conclusions

Long-term data allow for disentangling the contribution of different stressors to changes in
response variables. In Lake Maggiore, many stressors altered the system during the 20th century,
prominent among them cultural eutrophication in the 1960s and 1970s. Phosphorus abatement began
in 1977, with strong observed TP reductions observed thereafter. This change had pronounced effects
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on numerous biological response variables, notably chlorophyll-α concentration and phytoplankton
community size composition, and Daphnia population density. We also observed increased variability
and enhanced population density of the invertebrate predator Bythotrephes longimanus during the initial
study period, and by small-bodied cladocerans Bosmina and Diaphanosoma during the second period.
The increase in population density and inter-annual variability of small cladocerans might be viewed
as a response to decreasing Daphnia population density. Bythotrephes population densities increased
during the second study period, resulting in enhanced predation pressure on Daphnia prey. Impact
on Daphnia during this period was reduced by a temperature increase - which served to reduce its
development time and increase its birth rate - and by earlier phenology such that it exhibited less
temporal overlap with Bythotrephes. As previously observed, over the long term, both cladocera and
rotifers responded more clearly to eutrophication reversal and to warming, than copepods. The latter
seem to be more influenced by exceptional meteoclimatic events, such as mixing depth. This result
agrees well with analyses of ecological roles of Lake Maggiore freshwater zooplankton by carbon and
nitrogen stable isotope analyses. Copepods, particularly cyclopoids, occupy a distinct functional group
from the other zooplankton secondary consumers, which is an observation also made in previous
studies [54,69,70].
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Appendix A. Technical Details

In FDA, data is assumed to be represented by a collection of smooth curves x1(t), . . . , xm(t)
defined on some interval [a, b], possibly obtained by smoothing some time series as described in the
main text. These curves are then thought as single points x1, . . . , xm belonging to the Hilbert space
L2[a, b] of square-integrable functions.

In order to clarify how FPCs provide the best representation of the variation in the data x1, . . . , xm

in a least-squares sense, we introduce the following definitions.
First, the inner product 〈·, ·〉 and norm ‖ · ‖ in the space L2[a, b] are, respectively, defined as

〈 f , g〉 =
b∫

a

f (t)g(t)dt and ‖ f ‖ = √〈 f , f 〉 (A1)

for all functions f , g ∈ L2[a, b].
Second, a set of functions f1, . . . , fn is defined to be orthonormal if

〈
fi, fi
〉
= 1 and

〈
fi, f j
〉
= 0

whenever i � j for all i and j between 1 and n.
Third, the functions x̃1, . . . , x̃m in L2[a, b] are defined as x̃i = xi − x for each i = 1, . . . , m (where

x = m−1 ∑m
i=1 xi), so that x̃1, . . . , x̃m represent the centered data.
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In FPCA, we seek orthonormal elements e1, . . . , en of L2[a, b] and scores fi j such that
the approximations

x̃i �
n∑

j=1

fi jej (A2)

yield the lowest possible Sum-of-Squares Error (SSE)

SSE =
m∑

i=1

‖x̃i −
n∑

j=1

fi jej‖2. (A3)

Chosen any specific orthonormal set e1, . . . , en, the SSE can be written as

m∑
i=1
‖x̃i‖2 − 2

m∑
i=1

n∑
j=1

fi j〈x̃i, ej〉+
m∑

i=1

n∑
j=1

f 2
i j

=
m∑

i=1
‖x̃i‖2 −

m∑
i=1

n∑
j=1
〈x̃i, ej〉2 +

m∑
i=1

n∑
j=1

(
〈x̃i, ej〉 − fi j

)2 (A4)

which achieves its minimum when fi j = 〈x̃i, ej〉.
With this choice of coefficients and since fi j = 〈xi − x, ej〉 = 〈xi, ej〉 − 〈x, ej〉, the SSE becomes

m∑
i=1

‖xi − x‖2 −
m∑

i=1

n∑
j=1

(
〈xi, ej〉 − 〈x, ej〉

)2
, (A5)

which attains its minimum value when each quantity σ2
j =

1
n
∑n

j=1

(
〈xi, ej〉 − 〈x, ej〉

)2
, corresponding to

the variance of the scores f1 j, . . . , fmj, is maximized. Since FPCs are selected in order to maximize
these variances, FPCs provide the minimum SSE among all possible orthonormal set e1, . . . , en.
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Abstract: Under fundamental ecosystem changes in high latitude lakes, a functional paleolimnological
approach may increase holistic understanding of lake responses and resilience to climate warming.
A ~2000-year sediment record from Lake Loažžejávri in the tundra of northern Finnish Lapland
was examined for fossil Cladocera assemblages to examine long-term environmental controls on
aquatic communities. In addition, cladoceran functional attributes, including functional diversity
(FD), UV absorbance (ABSUV) of Alona carapaces, and sexual reproduction (ephippia) in Bosmina
and Chydoridae were analyzed. Cladoceran communities responded to a major change in benthic
habitat quality, reflected as elevated (increasingly benthic) sediment organic matter δ13C signal
since the 17th century. FD fluctuations showed association with climate oscillation, FD being
generally higher during warm climate periods. These ecological changes were likely attributable to
diversification of littoral-benthic consumer habitat space. ABSUV, irrespective of increases during
the Little Ice Age (LIA) due to higher UV transparency of lake water, was lower under increasing
autochthony (benthic production) suggesting establishment of physical UV refugia by the benthic
vegetative substrata. Bosmina ephippia exhibited a decreasing trend associated with increasing
benthic production, indicating favorable environmental regime, and, together with chydorid ephippia,
transient increases during the climate cooling of the LIA driven by shorter open-water season.

Keywords: autochthony; cladocera; functional ecology; organic carbon; paleolimnology; tundra
lakes; UV radiation

1. Introduction

Impacts of recent climate warming are emphasized in small and shallow high latitude lakes
being driven by higher air and water temperature and longer open-water season [1]. In a long-term
perspective, these major physical drivers shift arctic and subarctic aquatic ecosystems toward an
unprecedented ecological status [2,3]. Identification and characterization of the new high latitude
lake trajectories is significant since they connect lake food webs, by aquatic-terrestrial coupling,
to global-scale biogeochemical processes [4]. Northern ecotonal tree line lakes and their sedimentary
environmental archives act as sentinels for estimating current ecosystem functioning and organization
with respect to natural variability over the course of the Holocene [5].

The balance between autochthonous (in-lake produced) and allochthonous (catchment-originated)
organic matter in aquatic systems is of high importance to the global carbon cycle, since lakes store
and transfer carbon and act across the atmospheric-terrestrial-aquatic boundaries [4]. A common
character of high latitude lakes is high water transparency, i.e., low amount of terrestrially derived
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dissolved organic matter (usually estimated as dissolved organic carbon (DOC)) due to lack or scarcity
of catchment vegetation [6]. While typically systems with DOC concentrations over 5 μg L–1 are
estimated to be heterotrophic [7], the high latitude lake food webs with low (approximately 1–3 μg L–1)
DOC are principally dependent on autochthonous production. High water transparency induces
low attenuation of sunlight and UV radiation and organisms must therefore cope with high UV
exposure [8]. Furthermore, food webs and secondary production may be supported primarily by
benthic primary production that is fueled by the ample light [9]. However, under climate warming,
i.e., due to the advancing tree line, expanding tundra vegetation or thawing permafrost, previously
autochthonous and transparent lakes may experience increases in input of allochthonous organic
matter from the catchment causing fundamental changes in light climate and energy pathways [5,10,11].
Alternatively, climate warming may enhance autochthony through lengthening of the open-water
season and increasing habitat availability for benthic primary producers [12,13].

Knowledge of ecological and biogeochemical functions of aquatic organisms, e.g., feeding guilds,
habitat preferences, and photoprotective mechanisms, is important when examining lake food webs and
the organic matter cycle. Paleolimnological research focusing on long-term distribution of microscopic
aquatic fossils (e.g., crustacean cladocerans or diatom algae) has slowly shifted toward biodiversity
sciences [14–16] but an actual functional approach, where functional rather than taxonomic classification
of fauna and flora is assessed in relation to natural and anthropogenic ecosystem variability, still
remains rather rare. The functional approach may allow a holistic understanding of changes and
drivers occurring in lakes and their surroundings since ecosystem functions are not dependent on
taxonomic identity [17,18]. In addition to the use of functional diversity (FD) as an index for assessing
functional trait distribution in fossil biological assemblages, functionality may be estimated, for
example, by patterns in feeding, habitats, reproduction, and morphology [19–22].

In the current study, our focus was on Cladocera (Crustacea) communities and their functioning
over the past millennia in a subarctic tundra lake. More specifically, we analyzed fossil cladoceran
communities and functional attributes including functional diversity (FD index), reproduction patterns
(Chydoridae and Bosmina fossil ephippia), and photoprotection (melanization based on carapace UV
absorbance) in a 2000-yr sediment core and compared these data to previously available paleoclimate
and biogeochemical proxies. The objectives were to track long-term changes in cladoceran community
functioning and lake water bio-optics, and to identify interconnections of functional ecology and past
climate-driven limnological changes.

2. Materials and Methods

Lake Loažžejávri is located in the subarctic (mean July temperature +12.3 ◦C, mean annual
temperature −2 ◦C) shrub tundra of Finnish Lapland (69◦53′ N, 26◦55′ E) at an altitude of 255 m a.s.l.
(Figure 1). The lake has an area of ~3 ha with a catchment size of ~200 ha and it is shallow (water depth
1.2 m), oligotrophic (total phosphorus (TP) 5.9 μg L−1, chlorophyll-α (chl-a) 1.6 μg L−1) and transparent
(dissolved organic carbon (DOC) 3.4 mg L−1, UV attenuation coefficient at 305 nm (KdUV) 11.1 m−1).
A 38-cm sediment sequence was cored from the basin in late summer 2014 with a Limnos gravity corer
and subsampled at 1-cm intervals and dated with the 14C dating method. The core covers approximately
the past two millennia. The lake has previously been investigated as a part of regional limnological
survey [23], and its sediments for late Holocene paleoclimate [24] and carbon utilization of aquatic
macroinvertebrate communities [25], from where detailed information on limnological characteristics,
catchment and sedimentology, chronology, and biostratigraphy can be found. The age-depth model
for the core was based on two plant macrofossils at sediment depths 20 (1390–1440 C.E.) and 25 cm
(970–1025 C.E.) analyzed for AMS (accelerator mass spectrometry) 14C dates. Additionally, 137Cs and
210Pb were analyzed but their concentrations remained low and therefore insufficient to add further
temporal resolution to the age-depth model [24].
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Figure 1. Location of Lake Loažžejávri in northern Finnish Lapland (red dot in left column) and its
catchment characteristics (right column).

Fossil Cladocera were analyzed from the sediment subsamples (1-cm resolution) to examine past
community changes. The samples were prepared by heating and stirring ~2 cm3 of fresh sediment
in 10% potassium hydroxide (KOH on a hot plate following the standard protocol [26]. The samples
were then sieved through a 51-μm mesh and the residues were centrifuged for 10 min at 4000 rpm.
Permanent microscope samples were mounted in glycerol gelatin stained with safranine on a hot
plate. The micropscope slides were examined for fossil cladoceran remains (carapaces, head shields,
postabdomens, claws, ephippia) with a light microscope at 100–400×magnifications and a minimum
of 70 individuals were identified [27] from each sample (53 individuals from sample at 3 cm due to low
amount of remains).

In addition to standard community analysis described above, functional attributes of sexual
reproduction, functional diversity, and melanization were analyzed. Total bosminid (Bosminidae,
Bosmina) and chydorid (Chydoridae) ephippia (chitinous envelops for diapausal resting eggs, indicative
of sexual reproduction) were enumerated during the standard counting and were used for estimates of
sexual reproduction (ratio of sexual to asexual reproduction) by enumerating Bosmina and chydorid
ephippia (indicative of sexual reproduction) and carapaces (indicative of asexual reproduction) [28].
Functional diversity of the cladoceran community was expressed as Rao’s FD index, i.e., Rao’s quadratic
entropy [29]. For this index, each fossil cladoceran taxa was assigned with selected qualitative
functional characters (traits, Table 1) including body size (small <500 μm, intermediate 500–1000 μm,
large >1000 μm), body shape (elongated, oval, globular), feeding type (filterer, scraper-detritivore,
predator) and habitat (pelagic, benthic, attached to vegetation) following [21]. To examine melanin in
cladoceran remains as an index for UV exposure and photoprotection [30], fossil cladoceran carapaces
from a large chydorid species Alona affinis (Leydig) were extracted from sediment subsamples with fine
forceps under a binocular microscope. The carapaces were then measured under UV wavelengths 340
and 305 nm for their UV absorbance (ABSUV) to indicate the degree of melanization. The absorbance
measurements were performed with a UV/VIS spectrophotometer (UV-1800, Shimadzu Corporation,
Kyoto, Japan). Seven carapaces were measured for a mean UV absorbance value per sample omitting
highest and lowest absorbance values. UV absorbance measurements are expressed as anomalies from
the mean absorbance value of the data series.

The data were further analyzed with numerical methods to elucidate relationships between
cladoceran community and functional attributes and paleoenvironmental variation. Redundancy
analysis (RDA) was utilized to examine impacts of sediment biogeochemistry (indicative of habitat
quality), i.e., elemental and isotopic composition (C%, N%, C/N ratio, δ13C, and δ15N) and amount of
organic matter (OM%, data from [25]), on cladoceran community succession though time. In addition,
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external atmospheric forcers, i.e., sun spot numbers (SSN) and summer (June–August) air temperature
(T-JJA) as 10-year averages [following 31, 32, respectively] were used in the RDA as environmental
factors. SSN reconstruction is based on dendrochronologically dated radiocarbon concentrations
and physics-based models [31] and T-JJA reconstruction is based on maximum latewood density
tree-ring chronologies [32]. Species data were square-root transformed prior to data analyses.
Paleoenvironmental parameters with high inflation factors were omitted to include a set of variables
with inflation factors <10 (C/N, δ13C, δ15N, OM%, SSN, T-JJA). Forward selection of environmental
parameters was performed with 999 permutations and significant parameters were assigned as p < 0.05.
Selected bivariate environmental correlations for functional attributes were examined with Pearson’s
correlation coefficient and linear regression. RDA was performed with Canoco 5 software [33] and
linear regressions with PAST3 software [34]. In addition to OM%, organic matter δ13C, and SSN, mean
carbon source contributions in the benthic food web (based on fossil Chironomidae δ13C), modeled
with a three-source (benthic, planktonic, and terrestrial) Bayesian mixing model previously applied
in [22], were utilized as paleoenvironmental reference data. Here, the modeled planktonic and benthic
carbon contributions (to Chironomidae diet) were used in a planktonic to benthic (P/B) ratio. Further,
autochthonous (planktonic + benthic) and allochthonous (terrestrial) carbon sources were used in
autochthonous to allochthonous ratio. These ratios were calculated based on the Chironomidae δ13C
based source data [25].

Table 1. Functional traits of cladoceran taxa encountered from Lake Loažžejávri sediment core.
Characterization is based on body size (S= small, M= intermediate, L= large), body shape (G= globular,
O = oval, E = elongated), feeding (F = filterer, S-D = scraper-detritivore, P = predator, including
parasitism), and habitat (P = pelagial, S = sediment, V = vegetation).

Body Size Body Shape Feeding Habitat

S M L G O E F S-D P P S V

Bosmina longispina * * * *
Daphnia spp. * * * *

Ceriodaphnia spp. * * * * *
Polyphemus pediculus * * * *

Bythotrephes longimanus * * * *
Simocephalus spp. * * * *
Ophryoxus gracilis * * * * * *

Eyrycercus spp. * * * * *
Camptocercus rectirostris * * * * *

Acroperus harpae * * * * *
Alonopsis elongata * * * *

Graptoleberis testudinaria * * * *
Alona affinis * * * * *

Alona quadrangularis * * * *
Alona guttata * * * * *

Alona guttata f. tuberculata * * * * *
Alona rustica * * * * *

Alona intermedia * * * * *
Alona werestschagini * * * *

Alonella excisa * * * * *
Alonella nana * * * * *

Chydorus sphaericus-type * * * * *
Paralona pigra * * * *

Rhynchotalona falcata * * * *
Drepanothrix dentata * * * *

Iliocryptus spp. * * * *
Anchistropus emarginatus * * * * *
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3. Results

A total of 27 cladoceran taxa were identified from the sediment subsamples. The most frequent
taxa (occurring in every subsample) included Alonella nana (Hill’s N2 36.5, mean relative abundance
42.5%), Bosmina longispina (36.4, 32.5%), Alona affinis (34.5, 7.9%), Chydorus sphaericus-type (24.3, 6.1%),
and Paralona pigra (25.1, 1.5%). In the cladoceran stratigraphy (Figure 2), B. longispina and A. affinis
dominated with ~20%–60% abundances throughout the sediment sequence, B. longispina peaking
between 1400 and 1500 C.E. and A. nana between 1600 and 1800 C.E. Many littoral-benthic taxa,
including C. sphaericus-type, Acroperus harpae, Alonella excisa, and Eurycercus spp. increased slightly
during 600–1200 C.E. and others, including Alona quadrangularis and A. guttata, increased or emerged
at the top sequence after 1600 C.E.

 

Figure 2. Relative abundance of most common (Hill’s N2 > 3.5) cladoceran taxa in the Loažžejávri
sediment core indicated with a gray silhouette, where black horizontal lines represent sediment
sub-samples. Five-fold exaggeration curves of less abundant taxa are shown with gray lines.
Temporal extensions of the cold Little Ice Age (LIA) and warm Medieval Climate Anomaly (MCA)
are approximated.

RDA and forward selection of environmental variables resulted in eigenvalues of 0.14 and 0.07 for
axes 1 and 2, respectively, explaining 35.2% of variation in species data (Figure 3). It identified δ13C
(41.7%, F = 6.2, p < 0.001), OM% (20.1%, F = 3.2, p < 0.001), and SSN (11.5%, F = 1.9, p = 0.035) as the
most significant environmental parameters explaining variation in cladoceran species data, together
accounting for 73.3% of the explained variation. Most recent samples (12–0 cm, ~1650 C.E.—present) had
positive axis 1 scores in relation to increasing δ13C, OM% and SSN. Alonella nana, Alona werestschagini,
Alona quadrangularis, and Alona guttata were associated with increasing δ13C. Rhynchotalona falcata,
Drepanothrix dentata, Alona intermedia, and Daphnia spp. were associated with increasing OM% and
SSN having more positive scores for RDA axis 2. Older than ~1650 C.E. samples had negative
axis 1 scores and the abundant taxa, such as Bosmina longispina and Chydorus sphaericus-type, and
vegetation-associated taxa Alonella excisa, Acroperus harpae, and Eurycercus spp. were related to the
negative end of RDA axis 1 (i.e., low δ13C).

Of the cladoceran-based functional indices (Figure 4), chydorid and Bosmina sexual reproduction
both increased around 700–800 C.E. and peaked later on during 1400, 1800, and 1900 (chydorids) and
1300 (Bosmina) C.E., after which Bosmina sexual reproduction declined. Minimum values occurred
around 1700 and 1900 C.E. in chydorids and Bosmina, respectively. Mean abundance of chydorid
and Bosmina ephippia encountered in the samples was high, 33 (min. 6, max. 65) and 18 (min. 1,
max. 50) ephippia, respectively. Cladoceran FD was highly variable, but exhibited increases during
600–1100 C.E. and after 1700 C.E. until the present. Mean ABSUV for the sediment core was 1.2 AU
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(absorbance units). ABSUV exhibited several peaks, indicative of more intensive melanization (i.e.,
higher UV exposure) during the early core at ~300, 600, and 1000 C.E. and in the younger layers ~1500
and 1700–1800 C.E.

 

Figure 3. Redundancy analysis ordination diagram for the cladoceran taxa and samples in relation to
significant environmental variables δ13C of sediment organic matter (benthic production), organic matter
content (as loss-on-ignition), and solar activity (as reconstructed sun spot numbers). Pre ~1650 C.E.
samples (13–37 cm) are indicated by white dots and the recent samples (0–12 cm) by black dots. Data
for sediment geochemistry are from [25] and for solar activity from [30]. Species abbreviations include
four letters of the genus and three from the species name.

 

Figure 4. Cladoceran based functional attributes; functional diversity, UV absorbance of Alona carapaces,
ratio of ephippia (sexual reproduction) to carapaces (asexual reproduction) of Chydoridae and Bosmina,
and cladoceran planktonic to littoral ratio. In addition, ratios of mean source contributions (planktonic to
benthic and autochthonous to allochthonous) in the benthic food web (based on Chironomidae δ13C and
Bayesian mixing modeling), sediment organic matter δ13C, organic matter content (as loss-on-ignition),
and solar intensity (as reconstructed sun spot numbers) are shown. Data for sediment geochemistry
and source contributions are after [25] and for solar intensity after [31]. Temporal extensions of the cold
Little Ice Age (LIA) and warm Medieval Climate Anomaly (MCA) are approximated.
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Significant Pearson’s correlations were found between T-JJA and FD (r = 0.48, p = 0.002; Figure 5a),
sediment C/N ratio and carapace UV absorbance (r = 0.46, p = 0.004; Figure 5b), and sediment carbon
content and Bosmina ephippia/carapaces ratio (r = −0.60, p = < 0.001; Figure 5c). In addition, ABSUV

had significant (p = <0.05) correlations with C% (r = −0.37) and N% (r = −0.33) and Bosmina ephippia
with N% (r = −0.56), C/N (r = 0.32), δ13C (r = −0.59), δ15N (r = 0.64), and OM% (r = −0.59).

 

Figure 5. Bivariate relationships (r = Pearson’s correlation, r2 = coefficient of determination in
linear regressions, p = significance) of (a) cladoceran functional diversity and reconstructed summer
(June–August) mean temperature, (b) carapace UV absorbance anomaly and sediment carbon to
nitrogen ratio (C/N), and (c) ratio of ephippia (sexual reproduction) to carapaces (asexual reproduction)
in Bosmina and sediment carbon content. Black dots represent sediment core subsamples, black dashed
lines indicate linear regression models and gray lines 95% confidence intervals. Sediment geochemical
data originates from [25] and summer mean temperature reconstruction from [32].

4. Discussion

4.1. Lake Functioning

While recent research has highlighted the role of northern waters in the cycling of terrestrial organic
matter, there also exists contrasting evidence suggesting insignificant contribution of terrestrial inputs
to aquatic systems [35–37]. For example, a trend of increasing autochthony rather than allochthony
has been observed in small lakes from northern Finnish Lapland [13,25]. Benthic autochthonous
production prevailed in Lake Loažžejávri over the past two millennia supporting aquatic consumers
such as macrobenthic Chironomidae (chironomid) larvae [24,25]. Of the autochthonous organic
material consumed, planktonic carbon component, inferred and modeled from δ13C of chironomid
head capsules, was slightly elevated (increase in P/B, Figure 4) during the warm Medieval Climate
Anomaly (MCA) at around 900–1300 C.E. This increase is likely indicative of higher algal production
and its more efficient utilization by consumers [25]. Benthic production and benthic carbon component
in chironomid diet (inferred from δ13C of chironomid head capsules) clearly dominated in the lake after
~1600 C.E. and may have been a reflection of reduced ice-cover period after the LIA climax creating
wider benthic niche space for autotrophic organisms generally increasing the relative importance of
the benthic habitat over the pelagic one [38].

The production in the lake being mostly benthic, the main driver for long-term cladoceran
community shifts in Lake Loažžejávri sediment profile was related to the benthic habitat quality.
According to the RDA, δ13C signature indicating the origin of organic matter, i.e., autochthonous
(planktonic or benthic) or allochthonous, was the most significant environmental parameter explaining
cladoceran assemblages (Figure 3). The isotopic carbon signature separated the sediment core
subsamples along the RDA axis 1 to pre- and post-1650 C.E. sample clusters (Figure 3). Organic
matter δ13C varied relatively little during the first 1500 years of the sequence but started to increase at
~1600 C.E. indicative of more pronounced benthic primary production [25]. In concert, the cladoceran
community diversified with the inclusion and increase of several benthic taxa, e.g., Alona werestschagini,
A. quadrangularis, A. guttata, R. falcata, and Drepanothrix dentata until the 21st century (Figure 2). Chydorid
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benthos has been shown to utilize unselectively periphyton and detritus for food in similar lake
environments in the region [13] and the assemblage change was thus likely driven by a diversification
of microhabitats among the benthic vegetative substrata [39]. Alternatively, the diversification of the
benthic habitats may have allowed species with more specialized feeding strategies to increase in the
lake following the benthic succession. In common, consistent increases of specialized cladoceran taxa
in relation to climate warming have been reported from arctic Canada [40].

Despite its shallowness, the lake supported a planktonic food web, as evidenced by the high
abundance of euplanktonic Bosmina longispina, presence of Ceriodaphnia, and scattered occurrence of
Daphnia throughout the core (Figure 2) as well as presence of some free living Chironomidae (Ablabesmya
and Procladius, [24]). In the current results, Bosmina was associated with more negative δ13C values
of organic matter (Figure 3), indicative of an association with phytoplankton production. Bosmina is
known to feed selectively on phytoplankton in small and shallow lakes in northern Finland [13,41].
In contrast to Bosmina, some planktonic cladocerans, e.g., Daphnia and Ceriodaphnia may assimilate
benthic food particles grazing directly over the sediment microbial active layer [9]. In the RDA,
Daphnia was associated with elevated δ13C of organic matter suggesting a connection with the benthic
production. Related to the shift in autochthonous production (i.e., increase in benthic production),
Bosmina decreased slightly but still remained as the dominant planktonic taxon, while Daphnia increased
at the top of the sediment core (Figure 2). Accordingly, it is possible that the establishment and increase
of Daphnia ~1850 C.E. onward was related to its ability to utilize benthic resources [42]. In all, planktonic
cladocerans, B. longispina as the governing taxon, showed rather constant presence in the sediment
sequence aside from a transient increase at ~1400 C.E. (Figure 2) This abrupt event was likely associated
with a short-term (~100 years) hydroclimatic event of the early Little Ice Age (LIA) causing higher lake
level and relative increase of the planktonic habitat.

Despite the shift toward benthic production, Bosmina showed high resilience [41] as it remained
abundant up to the surface (Figure 2). Though, a change in its reproduction occurred with a decreasing
trend in sexual reproduction after a peak around 1300 C.E. suggesting less environmental stress (lower
sexual reproduction) during the recent centuries. Sexual reproduction in Cladocera is evidenced
in the fossil record through their ephippia and has previously been investigated in relation to
climate oscillation, i.e., open-water season length, which dictates the relative importance of asexual
(parthenogenetic) vs. sexual (gamogenetic) reproduction [28,43]. Accordingly, it has been suggested
that sexual reproduction is less significant (lower sexual reproduction) during warm climate conditions
as asexual reproduction prevails under long open-water season. As cold climate of the LIA started to
prevail in northern Finland already during the 15th century, the long-term trend in Bosmina reproduction
was not apparently strictly dictated by open-water season length but also other environmental stimuli
counteracted in the reproduction patterns. Bosmina sex ratios had a strong negative relationship with
sediment carbon content (and organic matter content, Figure 5c) possibly indicative of the past low
productive conditions (i.e., low sediment carbon content) being more unfavorable to Bosmina than
the new, i.e., post-1650 C.E., regime with increasing benthic autotochthonous production. Chydorid
sexual reproduction increased during the 15th century, and later peaks ~1800 and 1900, that were
likely attributable to reduced length of the open-water season driven by cold climate events of the
LIA [44,45].

FD combines the observations of biodiversity and ecological functions to detect trends and patterns
in ecosystem functions [17,46]. In the current study, cladoceran FD was generally lower during the early
core and between 1200 and 1800 C.E. and higher between ~900 and 1200 C.E. and in the top sequence,
from ~1850 onward (Figure 4). The pristine Lake Loažžejávri is mostly governed by natural forcers
such as climate due to its remote location in the tundra [25] and, in agreement, there existed a positive
relationship between FD and reconstructed T-JJA (Figure 5a) as FD was higher during the MCA and
during the post-LIA climate warming (Figure 4). Based on previous paleoecological records [21,47],
it has been suggested that long-term development of cladoceran FD is connected with lake productivity,
although dependent on the size and eutrophication history of the system in question. We did not find
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any statistical relationships between FD and biogeochemical proxies related to productivity but the
established relationship between FD and T-JJA likely reflects the ultimate climatic (i.e., temperature)
control on habitat development and productivity in this cold tundra environment through dictating
the length of ice-cover period [48].

4.2. Paleo-Optics

Natural variability in light and UV attenuation in forest and tundra lakes may be strongly
related to coupling processes with temperature and precipitation via surrounding vegetation and
permafrost [5,30]. However, in aquatic systems located on barren catchments terrestrial inputs of
UV screening compounds are low and autochthonous organic matter, e.g., algal biomass acts as an
important component in UV attenuation [49]. The tundra catchment of Lake Loažžejávri is currently
covered with only ~5% of wetlands [23] but the lake shore is directly connected with paludified
shorelines and water channels up in the nested drainage basin (Figure 1). Even though Loažžejávri
features low lake water DOC (3.4 mg L−1) and chl-a (1.6 μg L−1), it has been estimated that only a few
percent of UV penetrates below 0.5 m water depth [50]. However, the shallow littoral and benthic
habitats of the lake are exposed to UV and aquatic biota are thus likely to respond to UV. The ABSUV

record of Loažžejávri, indicating melanization and past UV exposure of the benthic Alona, was highly
variable in the past suggesting large natural variations in underwater UV regimes (Figure 4).

In arctic and subarctic lakes, long-term changes in UV exposure have been mostly governed
directly, or indirectly through photodegradation of OM, by solar radiation intensity [51–53]. Although
solar forcing interacted partly in cladoceran assemblage succession, SSN reconstruction explaining
~12% of the species variation (Figure 3), it did not have substantial association with the current ABSUV

record (Figure 4). In an adjacent lake, which differed from Loažžejávri by its location in the mountain
birch woodland at a lower altitude, millennial variation in ABSUV was in clear connection with solar
intensity [13,53]. In Loažžejávri, highest carapace ABSUV was recorded in the early core (~300 and
500 C.E.) and later on during 1400–1500 and 1700–1800 C.E. The high variability of ABSUV in the early
core does not seem to clearly correlate with changes in SSN reconstruction, sediment geochemistry or
cladoceran communities (Figures 2 and 4). However, the latter ABSUV peaks were likely related to
a more transparent water column during the LIA, related to constrained organic matter flux from the
catchment and reduced in-lake production driven by longer ice-cover period. A similar pattern of
increased aquatic UV exposure during the LIA has occurred in lakes of northern and eastern Finland
and in the Alps [30,53]. The pre MCA period at the middle of the first millennium of the Common
Era has been characterized to be hydroclimatically dry in Fennoscandia. This period overlaps with
the Dark Ages Cold Period characterized by noticeable climatic fluctuations [54,55], that may have
been driving the early fluctuations in ABSUV (higher peaks ~300 and 500 C.E.) through climate-driven
catchment coupling.

There existed a conspicuous long-term relationship between sediment C/N ratio and ABSUV

indicating lower UV exposure under increasing autochthony (Figure 5b). This result contradicts
a previous investigation from a regional lake set across the subarctic tree line suggesting an intrinsic
control of terrestrial DOM (wetland origin) on underwater UV exposure and carapace UV
absorbance [50]. As said, Lake Loažžejávri is located on a barren tundra catchment with little
terrestrial organic matter contribution throughout its examined history, although connected with
some wetland impact [18]. Since ABSUV was lower under prevalently autochthonous conditions, it is
possible that UV screening properties of phytoplankton, or specifically those of phytobenthos in this
benthic dominated system, have impacted carapace melanization of the benthic Alona. In subarctic
and arctic lakes, benthic phototrophic communities, including cyanobacteria, algae, and hetero- and
chemoautotrophic micro-organisms grow to form thick and stratified biofilms or mats [56], which
support benthic and pelagic secondary production and bacterial planktonic production [57,58]. As such,
these massive biofilms may act as physical UV refugia for benthic invertebrates allowing them to crawl
deeper into the shelter of the mat, since top layers of the benthic mats are abundant in algal pigments
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screening UV [59,60]. At the same time as acting as a UV screen, the benthic mats likely provided
fertile grazing surface for the microbenthos. It has been suggested previously that UV responses of
shallow water benthic communities are principally driven by their access to physical UV refugia [61].
Accordingly, we propose that the generally lower carapace UV absorbance values in the top of the
core, with the exception of the two high peaks apparently related to the LIA, were caused by increased
benthic autochthonous production providing a physical UV shelter for benthic invertebrates.

5. Conclusions

Climatic fluctuations of the cold Little Ice Age and after were seen in the studied tundra lake as
increases in benthic autochthonous production due to reduction in the length of ice-cover period. This
centennial ecosystem scale succession toward dominance of benthic production has altered community
structure, induced higher functional diversity, promoted relative importance of asexual reproduction,
and reduced UV exposure in cladocerans. Main ecological mechanisms were related to diversification
of benthic niche space, likely as a development of benthic microbial mats.

Fossil cladoceran communities in the studied tundra lake, consisting of planktonic and benthic
species, seem to have been relatively resilient to climatic fluctuations until their habitat structure was
disturbed. Periodically highly abundant sexual reproduction as a way for dormancy or better fitness
(genotypic variation) has likely contributed to cladoceran community resilience. The diversification
of the benthic niches induced functionally richer cladoceran communities including the keystone
planktonic grazer Daphnia and specialized benthic species suggesting that functional diversity is
coupled with lake productivity. In addition, the establishment of benthic mats likely provided physical
UV refugia for benthic cladocerans emphasizing the fundamental importance of habitat quality for
these microinvertebrates.
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26. Szeroczyńska, K.; Sarmaja-Korjonen, K. Atlas of Subfossil Cladocera from Central and Northern Europe; Friends
of the Lower Vistula Society: Swiecie, Poland, 2007.

27. Kurek, J.; Korosi, J.B.; Jeziorski, A.; Smol, J.P. Establishing reliable minimum count sizes for cladoceran
subfossils sampled from lake sediments. J. Paleolimnol. 2010, 44, 603–612. [CrossRef]

28. Sarmaja-Korjonen, K. Chydorid ephippia as indicators of past environmental changes—A new method.
Hydrobiologia 2004, 526, 129–136. [CrossRef]

29. Rao, C.R. Diversity and dissimilarity coefficients: a unified approach. Theor. Popul. Biol. 1982, 21, 24–43.
[CrossRef]

30. Nevalainen, L.; Rautio, M. Spectral absorbance of benthic cladoceran carapaces as a new method for inferring
past UV exposure of aquatic biota. Quat. Sci. Rev. 2014, 84, 109–115. [CrossRef]

27



Water 2019, 11, 2008

31. Solanki, S.K.; Usoskin, I.G.; Kromer, B.; Schüssler, M.; Beer, J. An unusually active Sun during recent decades
compared to the previous 11,000 years. Nature 2004, 431, 1084–1087. [CrossRef]

32. Matskovsky, V.V.; Helama, S. Testing long-term summer temperature reconstruction based on maximum
density chronologies obtained by reanalysis of tree-ring data sets from northernmost Sweden and Finland.
Clim. Past 2014, 10, 1473–1487. [CrossRef]

33. Šmilauer, P.; Leps, J. Multivariate Analysis of Ecological Data Using Canoco 5; Cambridge University Press:
Cambridge, UK, 2014.

34. Hammer, Ø.; Harper, D.A.T.; Ryan, P.D. Past: Paleontological statistics software package for education and
data analysis. Palaeontol. Electron. 2001, 4, 9.

35. Finstad, A.G.; Andersen, T.; Larsen, S.; Tominaga, K.; Blumentrath, S.; De Wit, H.A.; Tømmervik, H.;
Hessen, D.O. From greening to browning: Catchment vegetation development and reduced S-deposition
promote organic carbon load on decadal time scales in Nordic lakes. Sci. Rep. 2016, 6, 31944. [CrossRef]
[PubMed]

36. Wauthy, M.; Rautio, M.; Christoffersen, K.S.; Forsström, L.; Laurion, I.; Mariash, H.L.; Peura, S.; Vincent, W.F.
Increasing dominance of terrigenous organic matter in circumpolar freshwaters due to permafrost thaw.
Limnol. Oceanogr. Lett. 2018, 3, 186–198. [CrossRef]

37. Bogard, M.J.; Kuhn, C.D.; Johnston, S.E.; Striegl, R.G.; Holtgrieve, G.W.; Dornblaser, M.M.; Spencer, R.G.M.;
Wickland, K.P.; Butman, D.E. Negligible cycling of terrestrial carbon in many lakes of the arid circumpolar
landscape. Nat. Geosci. 2019, 12, 180. [CrossRef]

38. Schindler, D.E.; Scheuerell, M.D. Habitat coupling in lake ecosystems. Oikos 2002, 98, 177–189. [CrossRef]
39. Griffiths, K.; Michelutti, N.; Sugar, M.; Douglas, M.S.V.; Smol, J.P. Ice-cover is the principal driver of ecological

change in High Arctic lakes and ponds. PLoS ONE 2017, 12, e0172989. [CrossRef] [PubMed]
40. Thienpont, J.R.; Korosi, J.B.; Cheng, E.S.; Deasley, K.; Pisaric, M.F.; Smol, J.P. Recent climate warming

favours more specialized cladoceran taxa in western Canadian Arctic lakes. J. Biogeogr. 2015, 42, 1553–1565.
[CrossRef]

41. Rantala, M.V.; Luoto, T.P.; Weckström, J.; Perga, M.-E.; Rautio, M.; Nevalainen, L. Climate controls on the
Holocene development of a subarctic lake in northern Fennoscandia. Quat. Sci. Rev. 2015, 126, 175–185.
[CrossRef]

42. Mariash, H.L.; Devlin, S.P.; Forsström, L.; Jones, R.I.; Rautio, M. Benthic mats offer a potential subsidy to
pelagic consumers in tundra pond food webs. Limnol. Oceanogr. 2014, 59, 733–744. [CrossRef]

43. Kultti, S.; Nevalainen, L.; Luoto, T.P.; Sarmaja-Korjonen, K. Subfossil chydorid (Cladocera, Chydoridae)
ephippia as paleoenvironmental proxies: Evidence from boreal and subarctic lakes in Finland. Hydrobiologia
2011, 676, 23–37. [CrossRef]

44. Luoto, T.P.; Nevalainen, L.; Sarmaja-Korjonen, K. Multi-proxy evidence for the ‘Little Ice Age’ from Lake
Hampträsk Southern Finland. J. Paleolimnol. 2008, 40, 1097–1113. [CrossRef]

45. Nevalainen, L.; Helama, S.; Luoto, T.P. Hydroclimatic variations over the last millennium in eastern Finland
disentangled by fossil Cladocera. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2013, 378, 13–21. [CrossRef]

46. Hooper, D.U.; Solan, M.; Symstad, A.; Dıaz, S.; Gessner, M.O.; Buchmann, N.; Degrange, P.; Grime, P.;
Hulot, F.; Mermillod-Blondin, F.; et al. Species diversity, functional diversity, and ecosystem functioning.
In Biodiversity and Ecosystem Functioning. Synthesis and Perspectives; Loreau, M., Naeem, S., Inchausti, P., Eds.;
Oxford University Press: Oxford, UK, 2002; pp. 95–281.

47. Nevalainen, L.; Brown, M.; Manca, M. Sedimentary record of cladoceran functionality under eutrophication
and reoligotrophication in Lake Maggiore, northern Italy. Water 2018, 10, 86. [CrossRef]

48. Clark, G.F.; Stark, J.S.; Johnston, E.L.; Runcie, J.W.; Goldsworthy, P.M.; Raymond, B.; Riddle, M.J. Light-driven
tipping points in polar ecosystems. Glob. Chang. Biol. 2013, 19, 3749–3761. [CrossRef] [PubMed]

49. Laurion, I.; Ventura, M.; Catalan, J.; Psenner, R.; Sommaruga, R. Attenuation of ultraviolet radiation in
mountain lakes: Factors controlling the among-and within-lake variability. Limnol. Oceanogr. 2000, 45,
1274–1288. [CrossRef]

50. Nevalainen, L.; Luoto, T.P.; Rantala, M.V.; Galkin, A.; Rautio, M. Role of terrestrial carbon in aquatic UV
exposure and photoprotective pigmentation of meiofauna in subarctic lakes. Freshw. Biol. 2015, 60, 2435–2444.
[CrossRef]

51. Nevalainen, L.; Rantala, M.V.; Luoto, T.P.; Rautio, M.; Ojala, A.E.K. Ultraviolet radiation exposure of a high
arctic lake in Svalbard during the Holocene. Boreas 2015, 44, 401–412. [CrossRef]

28



Water 2019, 11, 2008

52. Nevalainen, L.; Rantala, M.V.; Luoto, T.P.; Ojala, A.E.K.; Rautio, M. Long-term changes in pigmentation of
arctic Daphnia provide potential for reconstructing aquatic UV exposure. Quat. Sci. Rev. 2016, 144, 44–50.
[CrossRef]

53. Nevalainen, L.; Rantala, M.V.; Rautio, M.; Luoto, T.P. Spatio-temporal cladoceran (Branchiopoda) responses
to climate change and solar radiation in subarctic ecotonal lakes. J. Biogeogr. 2018, 45, 1954–1965. [CrossRef]

54. Helama, S.; Jones, P.D.; Briffa, K.R. Dark Ages Cold Period: A literature review and directions for future
research. Holocene 2017, 27, 1600–1606. [CrossRef]

55. Linderholm, H.W.; Nicolle, M.; Francus, P.; Gajewski, K.; Helama, S.; Korhola, A.; Solomina, O.; Yu, Z.;
Zhang, P.; D’Andrea, W.J.; et al. Arctic hydroclimate variability during the last 2000 years-current
understanding and research challenges. Clim. Past 2018, 14, 473–514. [CrossRef]

56. Quesada, A.; Fernandez-Valiente, E.; Hawes, I.; Howard-Williams, C. Benthic primary production in polar
lakes and rivers. In Polar Lakes and Rivers. Limnology of Arctic and Antarctic Aquatic Ecosystems; Vincent, V.F.,
Laybourn-Parry, J., Eds.; Oxford University Press: Oxford, UK, 2008; pp. 179–196.

57. Rodríguez, P.; Ask, J.; Hein, C.L.; Jansson, M.; Karlsson, J. Benthic organic carbon release stimulates
bacterioplankton production in a clear-water subarctic lake. Freshw. Sci. 2013, 32, 176–182. [CrossRef]

58. Sierszen, M.E.; McDonald, M.E.; Jensen, D.A. Benthos as the basis for arctic lake food webs. Aquat. Ecol.
2003, 37, 437–445. [CrossRef]

59. Bonilla, S.; Villeneuve, V.; Vincent, W.F. Benthic and planktonic algal communities in a high arctic lake:
Pigment structure and contrasting responses to nutrient enrichment. J. Phycol. 2005, 41, 1120–1130. [CrossRef]

60. Lionard, M.; Péquin, B.; Lovejoy, C.; Vincent, W.F. Benthic cyanobacterial mats in the high arctic: Multi-layer
structure and fluorescence responses to osmotic stress. Front. Microbiol. 2012, 3, 140. [CrossRef] [PubMed]

61. Vinebrooke, R.D.; Leavitt, P.R. Differential responses of littoral communities to ultraviolet radiation in an
alpine lake. Ecology 1999, 80, 223–237. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

29





water

Article

Changes in Planktivory and Herbivory Regimes in
a Shallow South American Lake (Lake Blanca Chica,
Argentina) Over the Last 250 Years

David Carrozzo 1, Simona Musazzi 2, Andrea Lami 2, Francisco E. Córdoba 3

and María de los Ángeles González Sagrario 4,*

1 Departamento de Biología, Universidad Nacional de Mar del Plata, J. B. Justo 2550,
Mar del Plata 7600, Argentina; davidrcarrozzo@gmail.com

2 National Research Council (CNR),WaterResearchInstitute (IRSA), Largo Tonolli50, 28922 Verbania, Italia;
simona.musazzi@irsa.cnr.it (S.M.); andrea.lami@cnr.it (A.L.)

3 Instituto de Ecorregiones Andinas (INECOA, CONICET-UNJu), Instituto de Geología y Minería,
Universidad Nacional de Jujuy, Av. Bolivia 1661, San Salvador de Jujuy Y4600GNE, Argentina;
francisco.e.cordoba@gmail.com

4 Instituto de Investigaciones Marinas y Costeras (IIMYC), Facultad de Ciencias Exactas y Naturales,
Universidad Nacional de Mar del Plata, CONICET, J. B. Justo 2550, Mar del Plata 7600, Argentina

* Correspondence: gonsagra@gmail.com or gonsagra@mdp.edu.ar

Received: 24 December 2019; Accepted: 18 February 2020; Published: 22 February 2020

Abstract: Shallow lakes are vulnerable ecosystems impacted by human activities and climate change.
The Cladocera occupy a central role in food webs and are an excellent paleoecological indicator
of food web structure and trophic status. We conducted a paleolimnological study in Lake Blanca
Chica (Argentina) to detect changes on the planktivory and herbivory regimes over the last 250 years.
Generalized additive models were fitted to the time series of fish predation indicators (ephippial
abundance and size, mucrone size, fish scales, and the planktivory index) and pheophorbide a
concentration. The cladoceran assemblage changed from littoral-benthic to pelagic species dominance
and zooplankton switched from large-bodied (Daphnia) to small-bodied grazers (Bosmina) ca. 1900 due
to increased predation. The shift in planktivory regime (ca. 1920–1930), indicated by fish scales and
the planktivory index, as well as herbivory (ca. 1920–1950), was triggered by eutrophication. Changes
in planktivory affected the size structure of Bosmina, reducing its body size. This study describes the
baseline for the lake as well as the profound changes in the composition and size structure of the
zooplankton community due to increased predation and the shift in the planktivory regime. These
findings will provide a reference status for future management strategies of this ecosystem.

Keywords: Daphnia; Bosmina; pheophorbide a; fish predation; grazing; ephippia; cladocera
sub-fossil remains

1. Introduction

Zooplankton play a pivotal role in aquatic ecosystems and global biogeochemical cycles. In fact,
zooplankton act as a hinge in the aquatic food web because they exert a control role on phytoplankton
through grazing (performed by herbivorous filter organisms such as cladocerans and rotifers) and
are the food resource of higher trophic levels [1,2]. Zooplankton are highly sensitive to changes in
aquatic ecosystems [3]. The effects of environmental disturbances can be detected through changes
in species composition, abundance, and body size distribution. Grazing capacity on algae is directly
related to the body size of organisms—the larger size, the greater grazing capacity [4]. Zooplankton are
sensitive to the predation pressure exerted by fish (decreasing their body size) and macroinvertebrates
(increasing their body size [5]). Jeppesen et al. [6] showed that the top-down control in shallow lakes
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is stronger due to the lower abundance of piscivorous relative to planktivorous and omnivorous
fish. Cladocerans are an important component of the zooplankton and the chitinous structures of
their exoskeleton (postabdomen, jaws, claws, antenna segments) and resistance eggs (ephippia) are
an important, well-preserved, and taxonomically well-known autochthonous element of lake sediment.
Due to their potential role as indicators of various environmental conditions, the study of subfossil
remains of Cladocera has been very useful in identifying and inferring changes in trophic status,
predation by fish and invertebrates, macrophyte coverage, as well as chemical and physical properties
of lake water [7–9].

Shallow lakes are considered as an ecosystem model in which regime shift, that is, rapid and abrupt
transition from one persistent regime to a different regime, can be studied [10]. Driving forces may be
both stochastic events (for example, violent storms, massive fish death, and herbicide use) and gradual
processes that slowly degrade system resilience (eutrophication or global warming) [10]. The fact that
a shallow lake is in a clear or murky regime implies that it presents distinctive feedback mechanisms
as well as community structure and functioning. Thus, lakes in a clear water regime colonized by
submerged macrophytes with a moderate–low plant coverage, have good light penetration, low pelagic
primary production, zooplankton of large body size, high diversity of invertebrates and fish, and a high
ratio of piscivorous to planktivorous fish [11]. In these systems, the control of zooplankton over
phytoplankton (top-downregulation) is favoured because the piscivorous fish reduce the pressure of
predation on the Cladocera community, made up of species of large body size and greater capacity
for grazing, and also macrophytes might offer refuge to large cladocerans against planktivores [12].
In contrast, in systems with a turbid regime, phytoplankton become dominant because these lakes
have a high level of nutrients and there is weak regulation from above as zooplankton are composed of
species with less grazing capacity. Furthermore, the piscivorous to planktivorous fish ratio is low [6].
The shift from a clear macrophyte-dominated regime to a turbid one implies a drastic change on the
balance and the interaction between the benthic-littoral and pelagic environments, with impacts on the
fluxes of organic matter and nutrients, as well as the composition of the different assemblages and
communities [6]. For example, the loss of macrophytes implies a change in the composition of the
Cladocera assemblage with a decrease in the proportion of littoral and benthic representatives.

The stability of the zooplankton community in shallow lakes is strongly linked to small changes
in the surface sediment condition (e.g., bank of seeds and eggs, physical changes of sediment). These
changes cannot be detected by short-term studies because they are visible over long-time scales
(e.g., decades or centuries) but can potentially be revealed by high resolution paleolimnological
studies [9].

Lake sediments are rich sources of paleoecological information derived from the functioning of
the lake ecosystem as well as the surrounding watershed. Sedimentary archives have been used to
address several issues such as acidification, eutrophication, and lake ontogeny [13,14]. Among the
proxies preserved in the sediment, algal pigments have been shown to have the same periodicity as
fish fluctuations, and the deposition rates of pigments derived from edible algae are increased by
the grazing activity of large-bodied zooplankton [15]. Further, herbivory creates novel derivatives
such as pheophorbide a [16], and can increase the overall concentration of pigments in the remaining
undigested material [16]. Thus, both accumulation rates and concentrations of sedimentary pigments
are connected to the dynamic of zooplankton populations [17].

Size-selective fish predation has an impact on the zooplankton community structure, leading to
the dominance of small-bodied species. As zooplankton remains are deposited in lake sediments in
a direct and frequent way in proportion to zooplankton abundance, microfossils can be used to infer
planktivorous predation pressure or even reconstruct fish stocks [18,19]. Several indicators of fish
predation have been recognized as changes in ephippia size; the length of cladoceran mandibules,
carapaces, or mucrones; or the planktivory index((Daphnia)/(Daphnia+Bosmina)) [11,20,21]. For example,
the size of Daphnia ephippium has been demonstrated to be directly related to the size of female-bearing
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eggs [22], whereas the length of the mucrone with the total length of the individual is the case for
Bosmina huaronensis Delauchaux 1978 [23].

The main objective of this paper was to establish the occurrence of changes in the size of
subfossil Cladocera remains and in the concentration of pheopigments in order to infer changes in
the planktivory and herbivory pressure during the last 250 years in a shallow lake located on the
Pampa Plain(Argentina).In this study, we identified changes in a herbivory biomarker on the size
of B. huaronensis (mucrone) and the replacement of Daphnia species by a small cladoceran (Bosmina),
indicating a change in two main ecological processes, grazing and planktivory over the last 250 years.
The change in predation and grazing was mainly triggered by eutrophication. To evaluate changes in
the planktivory and herbivory regimes, we determined the abundance of Daphnia and Bosmina species,
the size of Daphnia species ephippia and Bosmina mucrone, the abundance of fish scales, and the
concentration of pheophorbide a.

2. Materials and Methods

2.1. Study Area

Lake Blanca Chica (36◦50′00.9” S; 60◦28′00.9” W) (Figure 1) is located in the Pampa Plain area
(Central Argentina, South America), which constitutes one of the largest areas of wetlands of South
America [24]. The lake is a shallow (1–2 m), turbid (Secchi Disc depth: 0.2–0.3 m, chlorophyll a
concentration: 90–500 mg m−3), warm temperature, and a polymictic lake of alkaline water (pH:
8–9.8). Currently, it is in eutrophic status (Total Phosphorus: 0.3–1.2 ppm), lacking submerged
vegetation. The fish community is dominated by the planktivorous Odontesthes bonariensis (Valenciennes,
1835) in open waters and by the small fish Cheirodon interruptus (Jenyns, 1842) in the littoral zone.
The zooplankton are composed of small–medium sized Cladocera, Rotifera, and Copepoda species [25].

Figure 1. Location of Lake Blanca Chica in the the Argentinean Pampa Plain, South America.
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2.2. Core Chronology and Paleolimnological Analyses

A core of 60 cm was collected at the deepest part of the lake using a vibracorer on October 2015.
Sub-sampling (every 1cm interval) was carried out on the entire core. Results described in this study
correspond to the top 30 cm of the core. Below this level, no pigments or ephippia were detected.
The age–depth model was developed applying the constant flux/constant sedimentation (CFCS) model
to the radionuclide activities of 137Cs, 210Pb, and 226Ra (detected at the Radiochronology Laboratory
of the Laval University, Canada). Three known chronomarkers were used to constrain the 210Pb
model: the137Cs maximum peak at 6–7 cm as a time marker of A.D. 1964/1965; the first occurrence of
Eucalyptus pollen (exotic tree)in the sedimentary record as a result of an extensive forestation since
1880 in Argentina; and a lithology change corresponding to an extreme regional dry pulse registered
across the Pampean Plain at the end of the Little Ice Age (estimated to be A.D. 1775 ± 10 years) and
recognized in other lakes, for instance, Mar Chiquita, Melincué [26,27]. For further details on the
age–depth model, see [28].

Herbivory was inferred in determining the concentration of the pheophorbide a as it represents
a grazer biomarker of invertebrate herbivory [20]. This pigment was extracted with 5 ml of a 90:10
acetone/MilliQwater solution overnight in the dark at 4 ◦C, after flushing with nitrogen from around 1 g
of wet sediment. Then, sediments were centrifuged at 3000 rpm for 10 minutes before detection using
high pressure liquid chromatography with an Ultimate 3000 system (Thermo Scientific, Waltham).
The elution program and the methodology for pigment identification and quantification followed
previous protocols [29].

Changes in the planktivory regime were inferred considering several indicators of fish predation:
the abundance and size of Daphnia ephippia, the relative abundance and mucrone size of Bosmina,
and the planktivory index((Daphnia)/(Daphnia+Bosmina)) [11,21]. This index was calculated considering
the relative contribution of ephippia from Daphnia spinulata Birabén 1917, Daphnia obtusa Kurz 1875,
and B. huaronensis, as chitinous remains from Daphnia species were very scarce or not found in
the sedimentary record. Values of the planktivory index closeto 1 indicate a low planktivorous
pressure, but when the ratio decreases it represents a higher fish predation pressure. Chitinous
remains, ephippia, and fish scales were retained through washing 2–8 cm3 of sediment gently through
a 50 μm sieve. Ephippia and fish scales were identified and were counted under a stereomicroscope at
10–40× magnification, whereas Bosmina remains were enumerated at 100–200xmagnification using
a Zeiss Primo Star microscope. Bosmina remains were analysed on approximately a quarter of the
sample after heating (70–80 ◦C) in 10% KOH, a deflocculating agent, for 45 min [30]. The length of the
mucrone was considered as the distance from its base to its extreme, and the length of ephippia as the
dorsal length, excluding anterior and posterior appendages. A total of 576 ephippia from D. spinulata,
324 from D. obtusa, 754 from Moina sp., and 1078 mucrones of B. Huaronensis were measured. At least
10 ephippia of each Daphnia species, 30 of Moina, and 30–50 mucrones of Bosmina were measured to
calculate the mean size per stratigraphic level. The contribution of cladoceran species to the ephippia
assemblage was expressed as weighted relative abundance [19], that is, ephippial relative abundance
was weighted by that sample’s total ephippial abundance. Several keys were used for taxonomic
identification [23,31–33].

2.3. Data Analyses

The time series of the different biological indicators was modelled using generalized additive
models (GAMs) [34]. In all the cases, fitted GAMs were estimated using maximum likelihood-based
smoothness selection procedures, in particular the restricted maximum likelihood (REML). A continuous
time first-order autoregressive process (CAR(1)) was chosen to account for the correlation between
residuals [35]. To identify periods of transition, we estimated simultaneous confidence intervals
from the posterior distribution of the model (under an empirical Bayesian formulation), and the first
derivative of the fitted trend [35]. Periods of significant change are identified as those time points
where the simultaneous confidence interval on the first derivative bounded away from zero [35].
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The estimation of the models and derivatives were performed using the mgcv and gratia packages.
In the case of the size of ephippia or mucrones, GAMs were fitted to the time series of the mean size for
each indicator. Fish scales abundance and chitinous remains of B. huaronensis data were provided by
González Sagrarioand co-workers [28].

To summarize changes in the ephippial assemblage, correspondence analysis was performed
(package vegan) [36] and the number of axes that best explained data variance were selected according
to the Kaiser–Guttman criterion and the broken stick model [37]. For further details, see Figure S1.

All analyses were performed using R version 3.5.1 [38].

3. Results

3.1. Herbivory Biomarker

The fitted GAM to the time series of pheophorbide a concentration explained a high percentage of
data deviance and showed an increasing trend since ca. 1930. In particular, two increasing transitional
periods occurred: ca. 1931–1949 and ca. 1991–2009 (Figure 2; Table 1), which indicate an increase in the
total herbivory in the system.

Figure 2. Generalized additive model (GAM) fitted to the time series of pheophorbide a (expressed as
η Molesg OM-1)in the sedimentary archive of Lake Blanca Chica. (a) Observed values, GAM-based
trend fitted and its simultaneous interval; (b) estimated first derivative of the GAM-fitted trend and the
95% simultaneous interval; (c) period of transition.
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3.2. Ephippial Assemblage

This study represents the first record of the ephippia of Daphnia spinulata, Daphnia obtusa, Bosmina
Leiderobosmina huaronensis, Moina sp. Baird 1850, Ceriodaphnia sp. Dana 1853, Leydigia louisi Jenkin
1934cf, Pleuroxus sp. Baird1843, and Chydorus sphaericus (O. F: Müller 1776) group for the shallow
lakes from the Pampa Plain. The weighted relative abundance of each species and the trend detected
along the sedimentary record of Lake Blanca Chica can be found in Figures S1 and S2. Additionally,
a decrease in the total sum of ephippia occurred after ca. 1915–1920, mostly represented by the loss of
littoral species (Figures S1 and S3).

3.3. Fish Predation Indicators

The ephippia relative abundance and mean size of Daphnia species showed contrasting patterns.
The effect of the smooth term for ephippia abundance and mean size was significant in all cases, and the
fitted GAMs explained 25–38%of time series deviance (Table 1). D. spinulata showed an increasing
trend in the mean size of the ephippium along the entire time series. In contrast, the relative abundance
of ephippia in the sedimentary record showed an increasing trend since ca. 1785–1815 until ca. 1900,
and after that a decreasing trend, diminishing its relative contribution to the lake zooplankton towards
the present time (Figures 3 and 4). Similarly, D. obtusa showed an increase in ephippia mean size
ca.1950–1995 and its contribution to the ephippial assemblage decreased since ca. 1900 (Figures 3
and 5). No trend for Moina ephippia contribution or mean size was detected (Table 1). Indeed, both
variables showed a high inter-decadal/inter-annual variation (Figure 3 and Figure S1).

The fitted GAM to B. huaronensis relative abundance (chitinous remains) explained a high percent
of the data deviance of the time series (81.7%) (Table 1). The first derivative of the fitted trend and
its simultaneous interval showed an increase in Bosmina contribution ca. 1850–1880; after which no
further change occurred (Figure 6). In contrast, a decrease in its size occurred ca. 1915–1935, stabilizing
in a smaller size after 1940 (Figures 3 and 6; Table 1). For descriptive statistics on mucrone size, see
Table S1.

Table 1. Results from generalized additive models (GAMs) fitted to the temporal series of the different
proxies from the sedimentary record of Lake Blanca Chica. The estimated degrees of freedom (edf ),
F-statistic (Gaussian distributions) or chi-statistic (scaled or gamma distributions, values denoted by *),
and p-values of the smooth term and the percent (%) of the deviance explained by the fitted model are
shown. The significance level was set at p < 0.05; ns: non-significant results. All the fitted models were
estimated using continuous time first-order autoregressive process (CAR(1)) and restricted maximum
likelihood (REML)smoothness selection.

Indicator Species % r2 p-Value Edf F or Chi *

Ephippia weighted D. spinulata 25.2 0.205 0.01 0.870 3.362

Abundance (%) D. obtusa 25.8 0.213 0.00918 1.532 7.294 *

Moina sp. 9.63 0.0645 Ns 0.924 0.207

Ephippia mean D. spinulata 35.4 0.329 0.000789 1 14.25

Size D. obtusa 37.1 0.464 <1 × 10−6 2.714 32.01 *

Moina sp. 8.01 0.0447 Ns 1 2.262

Abundance (%) B. huaronensis 81.7 0.778 9.12 × 10−11 4.796 3.506

Mucrone mean Length B. huaronensis 73.3 0.67 2.13 × 10−5 5.118 8.71

Pheophorbide a 97.5 0.955 <2 × 10−16 11.85 39.2

Planktivory index 29.2 0.265 0.00106 1 10.71 *

Fish scales 64.4 0.547 2.6 × 10−13 2.219 52.1 *
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Figure 3. Size of the ephippia of Daphnia species and Moina sp. and the mucrone of Bosmina huaronensis
in the sedimentary record of Lake Blanca Chica.

Figure 4. GAM fitted to the time series of Daphnia spinulata ephippia abundance (left pannel) and
ephippia size (right pannel) in the sedimentary archive of Lake Blanca Chica. (a) Observed values,
GAM-based trend fitted and its simultaneous interval; (b) estimated first derivative of the GAM fitted
trend and the 95% simultaneous interval; (c) period of transition.
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Figure 5. GAM fitted to the time series of Daphnia obtuse ephippia abundance (left pannel) and ephippia
size (right pannel) in the sedimentary archive of Lake Blanca Chica. (a) Observed values, GAM-based
trend fitted and its simultaneous interval; (b) estimated first derivative of the GAM fitted trend and the
95% simultaneous interval; (c) period of transition.

Figure 6. GAM fitted to the time series of Bosmina huaronensis abundance (chitinous remians) (left
pannel) and mucrone size (right pannel)in the sedimentary archive of Lake Blanca Chica. (a) Observed
values, GAM-based trend fitted and its simultaneous interval; (b) estimated first derivative of the GAM
fitted trend and the 95% simultaneous interval; (c) period of transition.
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Fish scale abundance, an indicator of fish abundance, showed an increasing trend since ca.1930 to
2000 according to the first derivative of the fitted GAM. The model explained a high percentage of
data deviance (64.4%) (Table 1; Figure 7). In concordance, a decreasing trend in the planktivory index
occurred along the time series (Table 1; Figure 8). The GAM fitted to the planktivory index explained
29.2% of the deviance, and although it showed a decreasing pattern, it can also be observed that most
of the values lower than 0.5 occurred after 1900 (Figure 8).

Figure 7. GAM fitted to the time series of fish scale abundance in the sedimentary archive of Lake
Blanca Chica. (a) Observed values, GAM-based trend fitted and its simultaneous interval; (b) estimated
first derivative of the GAM fitted trend and the 95% simultaneous interval; (c) period of transition.
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Figure 8. GAM fitted to the planktivory index (Daphnia/(Daphnia + Bosmina)) estimated from the
ephippial assemblage in the sedimentary archive of Lake Blanca Chica. (a) Observed values, GAM-based
trend fitted and its simultaneous interval; (b) estimated first derivative of the GAM fitted trend and the
95% simultaneous interval; (c) period of transition.

4. Discussion

Predation and grazing are the principal processes that control community composition and size
structure in lake ecosystems [6]. We found major changes in planktivory and herbivory in Lake
Blanca Chica over the last 250 years. The alteration of zooplankton composition and size structure,
the increase in the contribution of fish scales, and the decrease of the planktivory index are indicative
of a shift in the planktivory regime. On the other hand, the increase of a biomarker of invertebrate
grazing supports a change in the herbivory regime. Thus, this study shows a switch in the grazing and
predation pressure and, as a consequence, in the fluxes of the pelagic food web.

Bosmina and Daphnia species showed opposite population dynamics in relation to their abundance
prior to and post ca. 1900.The cladoceran assemblage changed its composition (ca. 1880–1900),
shifting from being rich in littoral, benthic, and pelagic species (including Pleuroxus, Chydorus, Leydigia,
Ceriodaphnia, Moina, B. huaronensis, D. spinulata, and D. obtusa) to being dominated by B. huaronensis.
This fact is supported by the high contribution of chitinous remains (~80%) (Figure 6) and the
appearance of Bosmina ephippia in the lacustrine archive post ca. 1900 (Figure S1). Several mechanisms
can explain the abrupt change that occurred in the zooplankton community. The switch in the chitinous
remains and in the diatom assemblages in Lake Blanca Chica (ca. 1880–1900) has been associated with
an increase of the lake water level that affected the physical structure of the lake [28]. This abrupt
change was triggered by the increase in precipitation since ca. 1870/1880 [39] and involved a switch
in the relationship between the littoral and pelagic habitat and the loss of the aquatic vegetation [28].
Pelagic cladocerans perform dial horizontal migrations to littoral areas during the daytime, finding
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refuge on the edge or inside submerged macrophyte stands to escape from planktivorous fish that
occur in open water. However, neolimnological studies showed that the role of macrophyetesas
refuge areas in subtropical temperate shallow lakes from the Southern Hemisphere differs from cold
temperate shallow lakes from the Northern Hemisphere [5,12,40]. These studies were performed on
eutrophic shallow lakes, and demonstrated that the lack of refuge provision in the southern lakes
was due to the rich and abundant assemblage of predacious macroinvertebrates and small littoral
fish that also seek refuge in macrophyte stands [5,12,40]. Despite this, the trophic status of Blanca
Chica was not eutrophic before 1920–1930, according to a C/N relationship of around 25 [28]. Fish and
macroinvertebrate abundance is directly correlated with primary production and nutrient level [6].
Thus, the abundance of small fish and predacious macroinvertebrates in the macrophyte stands must
have been low given the C/N ratio of ~25; therefore, aquatic vegetation could have provided refuge to
zooplankton, counteracting planktivory. Indeed, D. spinulata was favoured until 1900, as shown by
an increasing trend. The increase in fish predation, evidenced by low values of the planktivory index,
and the loss of the vegetation from the system (ca. 1880–1900) might have exposed zooplankton to
a higher predation risk, making large-bodied species such as D. spinulata and D. obtusa more vulnerable
to fish predation than small-bodied species such as Bosmina. Altogether, the change in the physical
structure of the lake and the predation increase might have facilitated the decline of Daphnia species,
and would have probably favoured Bosmina dominance, releasing it from Daphnia competition in
addition to the benefit of its smaller size. The top-down regulation and the competition release are
the most plausible mechanisms that led to Bosmina dominance because no enhancement of primary
production (bottom-up regulation) was recorded for the period of the shift. The same mechanisms
have been proposed to explain the shift from Daphnia to Bosmina in other lakes [41].

The mucrone (Bosmina) and ephippial (Daphnia) size decreases serve as independent indicators of
planktivorous fish predation [3,21,42,43]. A shift in the planktivory regime occurred in the lake ca.
1930, indicated by the increase of fish scales since 1930 until present day and by the decreasing trend of
the planktivory index (Figures 7 and 8). In this case, the higher top-down control on the zooplankton
impacted the size composition of Bosmina, which showed a reduction in its body size during 1915–1930
(Figures 3 and 6). An important consideration in paleolimnological studies about Bosmina morphology
is to obtain a statistically valid estimate of size structure [43]. A minimum sample size of 35 remains
per stratigraphic level was determined as necessary to detect a statistically significant variation in
size [44]. In our study, we measured between 30–60 remains per sample of sediment; thus, the mucrone
size reduction results detected are valid, accurate, and act as an independent indicator in supporting
the shift in the planktivory regime and the enhanced top-down control. The main driver of this shift
was the eutrophication process that the lake underwent between 1920 and 1990 [28]. Our findings are
in agreement with several studies that have recorded changes in the zooplankton composition and size
structure as a result of an eutrophication process, leading to an increase of pelagic taxa, a replacement
of large-bodied Daphnia by small-bodied Bosmina or Ceriodaphnia, and/or changes in the body size of
pelagic taxa in different types of lakes (deep and shallow) [41,45,46].

Planktivorous fish select the larger species or individuals; thus, zooplankton display different
strategies such as the reduction of its body size to counteract fish predation [4]. The increase in Daphnia
body size or the lack of a specific trend in Moina sp. constitute the opposite expected patterns under
an increasing fish predation scenario; then, it cannot be associated to planktivory. Even though, it can
be explained by other mechanisms. D. spinulata increased its size over the entire time series whereas
D. obtusa did so since ca.1950, that is, during the eutrophication phase. Jeppesen et al. [21] found that
for a given CPUE (fish catch per unit of effort), Daphnia ephippia size apparently increased with total
phosphorous (P). All Daphnia species are sensitive to food quality, requiring algae rich in phosphorous
(P) content [47], and small Daphnia species, such as D. spinulata or D. obtusa, are favoured in high P
lakes as they are less adversely affected by cyanobacteria filaments than large Daphnia species [48].
Therefore, a possible explanation is that the ephippiasize is bottom-up regulated, as no invertebrate
predator occurred in this lake (such as Chaoborus or other cladocerans) and thus an increase in ephippia
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size could not be induced. In the case of Moina, a summer species in shallow Pampean lakes, the high
inter-annual/decadal variation in abundance and size could be associated with a low selection pressure
and/or a mismatch with young of the year fish during this period.

Considering the different responses found in this study and combining Bosmina and Daphnia
abundance and size trends, it is clear that they cannot be explained by a specific type of control.
The explanation most likely lies in the interaction of an increase in nutrient concentration in the
system (rendering a higher zooplankton production and higher Daphnia size) and a top-down control
by planktivorous fish (impacting on the composition of the pelagic assemblage and the size of the
dominant pelagic cladoceran, Bosmina).

The pheophorbide a, a grazer biomarker of invertebrate herbivory, has increased over two periods
in Lake Blanca Chica: ca. 1930–1950 and 1990 until the present day. The increasing trend and the
detected transitions also coincide with the eutrophication process in the lake and with the increase of
the total sum of chitinous remains (represented by pelagic, benthic, and littoral species) [28], implying
an increase of the overall grazing pressure in the system. The production of this pigment results from
a higher food availability (bottom-up regulation) and a top-down control of herbivorous invertebrates,
even when in the cladoceran assemblage the large-bodied species were replaced by small-bodied
species with less grazing capacity. It seems that the higher zooplankton production counteracts, at
least in part, the loss of species with higher clearance rates.

In this study, we found shifts in the herbivory and the planktivory regime in Lake Blanca Chica
over the last 250 years, with impacts on different trophic levels and also on different attributes of
populations and communities. The shift in herbivory implied a higher control over lake primary
producers and, probably, a major flux of pelagic, and also littoral/benthic, carbon to higher trophic
levels. Changes in predation pressure led to compositional changes in the zooplankton, with the
replacement of large-bodied Daphnia by small-bodied Bosmina, and also to a reduction of body size in
the latter. Shifts in predation pressure were first (ca. 1880–1900) related to a natural driver (hydrology)
and then reinforced by eutrophication (ca. 1920–1930). The first driver induced an increase in predation
risk due to the loss of refuge in littoral areas and the second one by an increment in the lake fish stock.
Thus, we demonstrated that human activities and climate change affect relevant lake processes such as
grazing and predation, inducing profound impacts on the function, structure, as well as in fluxes across
lake food webs. In addition, our findings represent the first record of the ephippial assemblage for
Pampean shallow lakes, showing the baseline condition for these lakes. These results should be taken
into consideration when managing restoration activities are carried out in these degraded shallow
lakes. Lastly, we emphasize and agree with previous results [49], pointing out that cladocerans are
a strong candidate for the single best indicator in paleoecological studies related to the alteration in
food web structure and changes in trophic status in shallow lakes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/2/597/s1:
Figure S1: Ephippial stratigraphy of Lake Blanca Chica, including the scores from the first and second axes of
correspondence analysis. Figure S2: GAM fitted to the time series of scores of the second axis (CA2) of the
correspondence analysis estimated for the ephippial assemblage in the sedimentary record of Lake Blanca Chica.
Figure S3: GAM fitted to the time series of ephippia (total sum) recorded in the sedimentary archive of Lake
Blanca Chica. Table S1: Descriptive statistics for the size of the ephippia (μm) of Daphnia spinulata, Daphnia obtuse,
and Moina sp., as well as the mucrone of Bosmina huaronensis (μm).
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Abstract: High mountain lakes are biodiversity treasures. They host endemic taxa, adapted to live in
extreme environments. Among adaptations, production of diapausing eggs allows for overcoming
the cold season. These diapausing eggs can rest in the sediments, providing a biotic reservoir known
as an egg bank. Here, we estimated changes in abundance of the egg bank in two lakes in the Khumbu
Region of the Himalayas, during the last ca. 1100 and 500 years, respectively, by analyzing two
sediment cores. We tested viability of the diapausing eggs extracted from different layers of the
sediment cores under laboratory conditions. We found that only diapausing eggs of the Monogont
rotifer Hexarthra bulgarica nepalensis were able to hatch, thus suggesting that a permanent egg bank
is lacking for the other taxa of the lakes, not least for the two Daphnia species described from these
sites. Our results confirm previous studies suggesting that in high mountain lakes, the production
of diapausing is mainly devoted to seasonal recruitment, therefore leading to a nonpermanent egg
bank. The different ability of different taxa to leave viable diapausing eggs in the sediments of high
mountain lakes therefore poses serious constraints to capability of buffering risk of biodiversity loss
in these extremely fragile environments.
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1. Introduction

High mountain lakes are highly vulnerable to impact of human activities and to climate
change [1–3]. They host endemic populations of aquatic invertebrates, adapted to live under extreme
environmental conditions using different mechanisms for optimizing life-cycles and growth during a
very short ice-free period and under the ice cover [3,4].

Research on high mountain crustacean populations has mainly focused on physiological adaptation
mechanisms, such as development of cuticular pigmentation in cladocerans (melanin) [5,6] and diet
dependent carotenoid pigmentation, in copepods [7,8]. Less well documented are zooplankton
reproductive traits and their importance as survival strategies through time. Life-cycles of high
mountain zooplankton taxa are characterized by cyclical parthenogenesis, where a shift from
parthenogenetic to sexual reproduction occurs at the end of the ice-free period leading to production
of diapausing eggs (embryos at early developmental stages). These stages are capable of surviving the
harsh seasons and under the ice cover, securing recruitment of individuals into the population during
the ice-free period [9,10].

The production of diapausing eggs with delayed development (undergoing diapause or dormancy)
can be regarded as a mechanism through which taxa maintain their genetic reservoirs—buffering
the high risk of extinction to which their populations are exposed [11–15]. Evaluating the “egg
bank” potential allows us to estimate the vulnerability of different taxa to extinction and the risk of
biodiversity loss in these environments. The dormant egg bank can in fact influence the rate and the
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direction of population, community, and ecosystem response to climate change [12,14,15]. Under global
environmental changes, the frequency of extreme conditions will likely increase and species with
prolonged diapause will be able to survive extreme years of no recruitment, whereas species lacking
an egg bank will not. An altered environment may change species having poor recruitment and even
which species produce an egg bank, through effects on thermal diapause cues [16].

Information on remote high mountains environments is usually scant, limited in time and space,
and even a list of taxa from contemporary samples is generally incomplete as plurennial surveys can
be rarely accomplished. To this aim of investigating spatial and temporal variability in biodiversity
and time changes, integration of paleo- and neo-limnological approaches is very useful. Analyses of
sediment cores allow for reconstructing long-term changes in biodiversity of biotic communities along
with changes in the environment, allowing for reconstructing changes in climate and in different types
of human impacts, such as long distance transport of pollutants.

In this study, we trace long-term changes in abundance of diapausing eggs in two small lakes,
LCN10 and LCN70, located in the highest mountains of the world. Diapausing eggs were extracted
from two short sediment cores representing different stages of the lake life history and through
different climatic conditions. Abundance and viability of diapausing eggs in the sediments are crucial
for complementing contemporary biodiversity estimates with potential biodiversity. Consistency
of the active egg bank in the two lakes was estimated by hatching diapausing eggs recovered from
the sediment cores under controlled laboratory conditions. The aim was to understand risk of loss
of endemic species and vulnerability of different taxa to impact of perturbations in these fragile
environments, in which impact of climate change and of anthropogenic activities is high.

Our study was conceived in the framework of an extensive multiannual study aimed at
characterizing lakes in the Sagarmatha National Park, Nepal. Both water samples and sediment cores
were collected during fifteen limnological surveys carried out in the period 1992–2011. Of the 120
cataloged lakes in the region, ca. 70 were characterized for hydrochemistry, 40 of which were analyzed
for plankton and benthos, providing taxonomic and biodiversity estimates in different years [17].
Subfossil Cladocera remains also allowed for understanding changes in biodiversity during different
climatic phases [18].

2. Study Sites

LCN10 and LCN70 are located in the upper Khumbu Valley (Table 1; Figure 1), in the Nepalese
Himalayas [19,20]. They are small and shallow lakes, with an ice-covered period of 9–10 months
and a high transparency during the open water phase. LCN10 receives water primarily from LCN9
located upstream and from snowfields, while LCN70, classified as a temporary lake by Löffler [21],
receives water only from snowfields. Both sites are part of the 40 lakes in which plankton has been
studied [22,23] in the framework of the Ev-K2-CNR project [24] developed in collaboration with the
Nepal Academy of Science and Technology (NAST). Previous information on taxonomy, reporting
endemic taxa, was provided by Löffler [21,25] as a result of an extensive sampling campaign in the
Khumbu Valley. In previous studies, zooplankton samples were collected with plankton nets (126 μm
mesh size in 1993 and 1994; 50 μm mesh size in 1997 and 2004) by vertical and horizontal hauls at the
deepest point and from the littoral. Samples were only qualitative, as the amount of filtered water
could not be estimated. The samples were preserved in buffered 10% formaldehyde and counted to
obtain estimates of relative abundance of the different taxa. LCN10, the deep lake close to the Pyramid
laboratory, was visited in September–October of each sampling campaign while LCN70 was visited
only in October 1994 and 1997. The list of taxa of LCN10 includes Arctodiaptomus jurisovitchi Löffler,
1968 [26], Daphnia dentifera Forbes, 1893 [27], Daphnia fusca Gurney, 1906 [28], Alona werestschagini
Sinev, 1999 [29,30] and among rotifers, Ascomorpha sp. LCN70 was characterized by the prevalence of
the Monogonont rotifer Hexarthra bulgarica nepalensis [31], forming dense agglomerates and bearing
diapausing eggs. In this lake, only the melanic Daphnia fusca was found along with the Anostracan
Branchinecta orientalis Sars, 1901 [22,32–34]. A few Euchlanis sp. were also reported, along with bottom

48



Water 2020, 12, 491

dwelling Ilyocriptus acutifrons Sars, 1862 (Cladocera Mactrothricidae) and a few Harpaticoidae of the
genus Maraenobiotus sp. [35]. However, given the restricted number of samples, the sampling method
and the mesh size, the list of taxa from zooplankton samples is far from exhaustive. The Ev-K2-CNR
Pyramid laboratory located in the region at 5050 m a.s.l. gave technical and logistical support for the
investigations, allowing for sampling some lakes in different years between 1992 and 2011. Seasonal
hydrochemistry analyses and experiments in lakes closer to the laboratory, a detailed description of the
morphometry and the chemistry of lakes and the traits of their catchment basin is reported in Lami and
Giussani [17]. Besides, paleolimnological and paleoclimatic reconstructions were investigated in LCN10
and LCN70 [36,37]. The region is characterized by a cold and dry climate with monthly precipitation
lower than 200 mm. Monthly mean temperatures range between −7 ◦C (December) and 5 ◦C (June).

Table 1. Geographic coordinates and principal morphometric characteristics of the studied lakes.

LCN10 LCN70

Latitude 27◦57′45′′ N 27◦53′36′′ N
Longitude 86◦48′56′′ E 86◦46′26′′ E
Altitude 5067 m 4830 m

Area 1.67 ha 0.63 ha
Maximum depth 14.8 m 2 m

Pyramid laboratory 5050 
m 
Sampled lakes 
Unsampled lakes 
Dry or temporary lakes 

Figure 1. A map of the Khumbu and Imja Khola catchment within the Sagarmatha National Park,
Nepal in which are highlighted all lakes sampled in the framework of the EV-K2-CNR project since 1987
(G.A. Tartari, pers. comm.). Black triangles refer the mountain peaks; black squares refer to localities.
Red squares highlight the study sites.
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3. Materials and Methods

A short sediment core (04/1, 26 cm in length) was collected near the deepest zone of LCN10 in
2004 using a gravity corer (with 6 cm diameter Plexiglas tube). The age–depth model was established
by correlation with a previous core 02/3, dated by 14C method. A detailed description is provided in
Lami et al. [37]. About 200 years were represented in the topmost six-centimeter sections of the core
(resulting in a sedimentation rate of 0.03 cm y−1), and the deepest section was dated as corresponding
to ca. 900 CE. The topmost 5 cm were sliced into sections of 1 cm, while for the remaining core a section
of 1 cm was taken every 5 cm. In total, nine subsamples were extracted from the core.

Sediment samples were stored in the dark at 4 ◦C until microscopic analysis, in order to preserve the
material and stimulate subsequent hatching [38]. All the diapausing eggs’ cases found in the sediment
core sections were counted, including those which, being open, were empty. The latter may indicate
changes in recruitment from diapausing eggs over time. Taxonomic identification was performed,
comparing images of rotifer diapausing eggs cases, which are often species-specific [39], to photographic
material from previous studies [23,40] and on the basis of a guide on rotifers’ diapausing eggs [41],
while Anostraca diapausing eggs was based on a study [35] and literature [42–44]. Diapausing eggs
were extracted following the sugar flotation method [45] modified for rotifer diapausing eggs by
Garcia-Roger [46]. Taxonomic identification, counting, measurements and sorting of ephippia and
rotifer diapausing egg cases were performed using a Zeiss Stemi 2000-C microscope (Carl Zeiss™,
Oberkochen, Germany), equipped with software for image analysis (Image-Pro Express 5.1 (Media
Cybernetics Inc., Silver Spring, USA)). The presence of eggs in dark ephippia was verified only after
viability experiments, as opening ephippia cases prior to hatching might have damaged the eggs.
Extracted ephippia and rotifer diapausing egg cases were individually transferred into multiwell plates
(with well oxygenated culture medium of 4 mL oligomineral water) and stored in a thermostatic cell at
17 ◦C, with light intensity of about 50 × 103 Lux and L:D photoperiod of 16:8 h, reproducing summer
environmental conditions. Every 24 hours we recorded hatchlings and renewed the culture medium.

Ephippia and diapausing egg cases from LCN70 were extracted from a sediment core collected in
October 1994 (core 94/2) with a gravity corer (of 6 cm diameter Plexiglas tube) in the deepest zone
of the lake. The core, 11.5 cm in length, was cut longitudinally and sectioned into 2–1.5 cm slices.
Chronology had been established by 210Pb; sedimentation rate was 0.1 cm y−1 in the topmost 6 cm and
0.02 cm y−1 between 6 and 12 cm [36].

No attempt was made to hatch cysts of the Anostracan Branchinecta orientalis.
Duration of incubation was 21 days. Eggs that did not hatch during this time period were

considered as unviable.

4. Results

The analysis of Cladocera ephippia in core LCN10 04/1 sections revealed periods during which
only one subgenus was present and periods during which both Daphnia (Ctenodaphnia) and Daphnia
(Daphnia) coexisted. In particular, in sections 3–4 cm and 4–5 cm only D. (Ctenodaphnia) ephippia were
present, while in the topmost section only D. (Daphnia) ephippia were found (Figure 2A). As expected
from previous studies on this environment, the few ephippia found in the superficial section belonged
exclusively to a D. (Daphnia). Contemporary zooplankton samples had identified the species as
Daphnia dentifera [47]. D. (Ctenodaphnia) ephippia were of the melanic species of the region.

Apart from the deepest section, ephippia were much more abundant from 2 to 5 cm sections, while
in sections 10–11, 1–2 and 0–1 cm, their abundance was low. The highest abundance of D. (Ctenodaphnia)
ephippia (12,385 m−2) was found in the section 4–5 cm corresponding to ca. 1800 CE; a second peak
was detected in the section 2–3 cm where both D. (Ctenodaphnia) and D. (Daphnia) ephippia were found
(1415 ephippia m−2 and 7431 ephippia m−2, respectively). The two Daphnia species co-occurred also in
sections 10–11 and 1–2 cm. Ephippia were lacking from deeper sections (15–26 cm) of the core.
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After 21 days of incubation, no hatchlings were recovered from the ephippia extracted from core
LCN10 04/1. Opening and inspection of their content revealed that ephippia cases were either empty
or with only one egg which we classified as nonviable.

D. (Ctenodaphnia)

D. (Daphnia)

A B 

Figure 2. Abundance of ephippia in the analyzed sections of the sediment core 04/1 of LCN10 (A) and
range of variation of their length (B). Vertical lines represent median values while horizontal whiskers
represent the 95th percentile.

The two types of ephippia had different sizes (lengths), with those of D. (Daphnia) always smaller
than those of D. (Ctenodaphnia). The latter decreased in size between the 3–5 and 2–3 cm sections and, in
the latter section, co-occurred with those of D. (Daphnia). D. (Daphnia) ephippia at 2–3 cm section were in
a relatively large range of sizes, along with smaller D. (Ctenodaphnia) ephippia size. Five ephippia in total
were found in the 10–11 cm section, corresponding to ca. 1450 CE; two were from D. (Daphnia) and their
length was 0.9 mm, corresponding to the largest value of the 2 cm section. The other three pertained to
D. (Ctenodaphnia), and their range of size did not differ from those detected in upper sediment sections.
The relatively small size of the only D. (Ctenodaphnia) ephippium in section 1–2 cm (1.35 mm) seems
to confirm the trend towards decreasing size observed between deeper and more surficial sections of
the sediment core. The decrease in size of D. (Ctenodaphnia) ephippia in recent times was statistically
significant (F = 11.803, p < 0.001; Figure 2B). In particular, mean ephippia length was statistically different
between sections 4–5 and 2–3 cm (t = 4.855, p < 0.001; Table 2) and between sections 3–4 and 2–3 cm
(t = 2.467, p < 0.016), but the difference between sections 4–5 and 3–4 cm was nonsignificant (Table 2).
Changes in size of D. (Daphnia) ephippia in different sections of the core were not statistically significant.

Table 2. Results of all pairwise multiple comparison procedures (Holm–Sidak method, overall
significance level = 0.05) on size of D. (Ctenodaphnia) ephippia extracted from sediment core LCN10
04/1. Significant comparisons are highlighted in bold.

Comparison Difference of Means t Unadjusted p

4–5 cm vs. 2–3 cm 135.724 4.855 <0.001

3–4 cm vs. 2–3 cm 90.405 2.467 0.016

4–5 cm vs. 3–4 cm 45.319 1.338 0.186
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Microscopical analysis of qualitative planktonic samples taken in LCN70 in 1994 revealed that
both crustaceans and rotifers were present. Rotifers dominated in terms of numbers, the most common
taxon being Hexarthra bulgarica nepalensis in lakes of the region [25,31]. The sample was very rich in
rotifer eggs (Figure 3), with young and ovigerous females forming dense agglomerates on detritus and
filamentous green algae. Few Euchlanis sp. specimens were also found [35].

  

 
 

A B 

D 
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C 

100 m 

Figure 3. (A) Hexarthra bulgarica nepalensis from a plankton sample of LCN70 carrying a diapausing
egg; (B) Hatching of a diapausing egg of Hexarthra bulgarica nepalensis recovered from sediment core
LCN70 94/2; (C) Newborn of Hexarthra bulgarica nepalensis hatched from the diapausing egg; (D) SEM
image of a Brachionus sp. open egg case recovered from sediment core LCN70 94/2.

The profile of core LCN70 94/2 (Figure 4) shows the presence of diapausing eggs of three Rotifera
taxa in all the sections: the dominant Hexarthra bulgarica nepalensis and, in low abundance, Brachionus of
two morphotypes as reported in Sudzuki [48] and Piscia et al. [49]. The latter two were not found in the
zooplankton samples. Hexarthra diapausing eggs were abundant in all sections but tended to increase
in deeper sections of the core, with a peak of 30.4 × 106 m−2 at the 8–10 cm section. They were between
1% and 2.5% of the total resting eggs found between the 10–11.5 and 6 cm sections and represented
23% and 15% of the total abundance at the 2 and at 4–6 cm sections, respectively. Cladocera ephippia
of D. (Ctenodaphnia) and of Alona werestschagini, gradually increased from bottom to top layers of
the sediment core and were 4.5 times more abundant in the upper 2 cm section than in the deepest
one (10–11.5 cm). Anostracan cysts were also found to vary in abundance (min = 1.8 × 105 cysts m−2;
max = 5.1 × 105 cysts m−2). Brachionus resting egg cases were all open, therefore revealing that
diapausing eggs produced might serve as seasonal recruitment of the species at the end of the ice cover
phase. No attempt was made of hatching Anostracan cysts, as we had no indication of conditions for
promoting their hatching.

Only Hexarthra diapausing eggs from the topmost 2 cm were still viable, with a high rate of
hatching (63.6%). Given the estimated mean sedimentation rate of 0.06 cm y−1 [36], diapausing eggs
in this section were deposited in a timeframe of ca. 33 years before date of collection of the core.
Individual hatching timing varied between 4 and 7 days.

52



Water 2020, 12, 491

A B 

Figure 4. Abundance of Cladocera ephippia and Anostraca cysts (A) and rotifer resting eggs
(B) recovered from sediment core LCN70 94/2.

5. Discussion and Conclusions

The presence of diapausing eggs in different sections of the two sediment cores confirmed that their
production is a fundamental survival strategy in high-altitude lakes. The accumulation in sediments
of diapausing eggs of different species, generations and genotypes, represents a potential reserve of
biodiversity [12,16], which buffers the consequent extinction risk from anthropogenic impacts and
makes the population resilient to the settlement of invasive species [50,51]. Organisms able to survive
in extreme environments, such as LCN10 and LCN70, belong to a small number of highly specialized
species; nevertheless, the reservoir of diapausing eggs in the sediments was of the same order of size
(103–105 eggs per m−2) of those reported from less remote environments [16].

Zooplankton can produce different types of diapausing eggs: from embryos at early developmental
stages of monogonont rotifers, Branchiopods and Calanoid Copepods, to advanced larval stages
(Cyclopoid Copepods) and finally to adults of Harparcticoids and Bdelloid rotifers [16]. In previous
studies, microscopic analysis of contemporary (plankton) samples revealed that Rotifera, Cladocera
and Anostraca produced diapausing eggs at the end of the ice-free period [23,35]. Anostracan cysts
recovered from sediments of LCN70 were of the species Branchinecta orientalis previous found in LCN70
and LCN30 zooplankton samples, in which the presence of diapausing eggs was also reported [35].
Among cladocerans, we found ephippia of the endemic Alona werestschagini in LCN70, D. (Daphnia)
ephippia in LCN10, and D. (Ctenodaphnia) ephippia in both LCN70 and LCN10. In LCN10, in particular,
an alternation in the occurrence of D. (Daphnia) and D. (Ctenodaphnia) ephippia was conspicuous and a
co-occurrence of the two in the transition periods was observed. In a previous investigation, the presence
of melanic D. (Ctenodaphnia) and pale D. (Daphnia) was reported [52]. Ephippia of the former were dark
because of cuticular pigmentation (melanic) while those of the latter were transparent. The two also
differed in size and morphology; ephippia morphology is in fact a diagnostic trait for distinguishing
between Daphnia of the D. (Ctenodaphnia) type and those of the D. (Daphnia) type. The former belong to
an ancestral type clearly separated from the other during the phylogeny ca. 200 million years ago [53].
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Ephippia isolated from the surface layers of the sediment core indicate the substitution in
recent times of the subgenus D. (Ctenodaphnia) with the subgenus D. (Daphnia) in agreement with
plankton samples previously analyzed [23]. As suggested by Nevalainen et al. [18], the presence of
D. (Ctenodaphnia) ephippia in the sediment core of LCN10 could be related to phases of enhanced
connectivity with LCN9, the source of a cascade system in which D. (Ctenodaphnia) is permanent.
Such changes in connectivity may in turn, be related to glacial advance or retreat driven by climate
change [36]. Ephippia size is positively correlated with Daphnia body size, larger females producing
larger ephippia resulting in larger neonates [54,55]. Such correspondence is the basis for reconstructing
changes in Daphnia body size with changes in the environment [56]. In fishless, high mountain lakes, a
wide range of Daphnia size (reconstructed from fossils, such as postabdomens, head shields, mandibles
and, of course, from ephippia [52,57]) is regarded as indicative of a longer growing season, i.e., a longer
ice-free season, securing a larger number of molts during the parthenogenetic phase which precedes
the appearance of males and ephippial females at the end of the growing season [58,59]. In a study on
LCN40, the substitution of the melanic D. (Ctenodaphnia) by the pale Daphnia dentifera in the most recent
period was interpreted as related to changes in climate, with an increase in precipitation resulting
in increase of dissolved organic carbon. In the case of a sediment core with low accumulation rates,
however, multiple seasons in variable numbers are integrated in a 1 cm section during different time
periods. Results of hatching experiments indicate that ephippial eggs recovered from the sediments
of both lakes were nonviable, thus suggesting that an active egg bank is lacking for this important
component of the zooplankton population. The apparent lack of a permanent Daphnia egg bank has
been reported also from other alpine lakes (e.g., in D. umbra from a lake in southern Norway [60] and
from Lake Paione Inferiore in the central Alps [58,61]. Ephippia bearing only one egg (i.e., lacking the
bilocular structure typical of Daphnia ephippia [58]) or having only one diapausing egg left, are often
reported as nonviable, also in the case of lakes in temperate regions [62]. As suggested in the case of
lakes in the Alps forming a cascade system, we might hypothesize that the Himalayan upper Lake
Piramide Superiore might represent the biotic reservoir for D. (Ctenodaphnia) fusca, as suggested in
previous studies [33].

Daphnia is an important member of pond and lake systems in the Himalayas and Tibet [63–66].
Most lakes of this region were sampled during the 1960s by Löffler [21], who reported the presence of
melanic Daphnia tibetana Sars, 1903 [63], endemic to the region, and pale Daphnia longispina Müller,
1776 [67] (classified as var. aspina by Werestschagin [30] because of the lack of a carapace spine at
the adult stage). The former swims during the day in bottom waters and the latter apparently is
restricted to lakes with limited transparency. Such distinction between transparent, “D. (Ctenodaphnia)
lakes” and turbid “D. (Daphnia) lakes” was not confirmed by multiannual studies and by sediment
core analyses. Our results on ephippia abundance in core 04/1 of LCN10 therefore represent a further
evidence of co-occurrence of the two Daphnia species in lakes of the region. Co-occurrence of the large,
melanic D. (Ctenodaphnia) and the smaller, transparent Daphnia dentifera in LCN10, is likely enhanced
by different habitats: while the former is usually found swimming near the littoral, the latter tends
to swim in deeper water, minimizing effects of UV damage. Our observation confirms what was
reported by Löffler [21], who found the melanic Daphnia swimming in the littoral and the pale one
swimming in deeper lakes and/or in turbid ones [68]. Largely differing in size, the two species might
be regarded as able to feed on different food particles. In a very interesting and pioneer study, however,
Geller and Müller [69] demonstrated that, while the distances between the setulae of filtering combs
increase with individual body length in different Cladocera taxa, they do not increase with body length
in Daphnia magna, a D. (Ctenodaphnia) species. Sharing the same food particle size, therefore, might
result in a strong competition between the two Daphnia species; literature suggests that the larger one
would be favored, being able to grow and reproduce at lower food concentrations [70]. Therefore, the
fact that the two tend to live in different habitats appears as the most reasonable explanation.

Since the first studies carried out during the Yale North India expedition [66] of 1932–1933, endemic
populations were reported from lakes in the Khumbu Region of the Himalayas, particularly among
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the zooplankton: Arctodiaptomus jurisovitchi [19] and Daphnia tibetana. Among monogonont rotifers,
Hexarthra bulgarica nepalensis [31] were described. Hexarthra bulgarica has been reported from several
high altitude lakes: the Rila Mountains, Bulgaria [71], the Italian Alps [72,73], the Himalayas [74], the
Khumbu area (East Nepal) in lakes within the subnival belt [21,25], the Rocky Mountains (Grouse
Lake, Alberta, Canada) [31], the Andes [75–77] and the Sierra Nevada [78].

The taxonomy of the melanic D. (Ctenodaphnia) from this region is problematical, largely
because incomplete descriptions have been published to date. Originally, three species were
identified: Daphnia pamirensis Rylov, 1930 [64], Daphnia fusca and Daphnia tibetana (first described as
Daphniopsis tibetana). These species have been synonymized in every pairwise combination, or all three
merged in one species, over the last century [65,79]. In his Daphnia taxonomic revision, Benzie [80]
synonymized the genus Daphniopsis with the genus Daphnia, and D. pamirensis with D. fusca. He also
synonymized Daphnia specimens from the Khumbu Region in Nepalese Himalayas, referred to as
D. tibetana by Löffler [21] and as D. himalaya by Manca et al. [33]. More recently, a detailed analysis
and taxonomic revision of diagnostic traits of the four D. (Ctenodaphnia) species (D. tibetana, D. fusca,
D. pamirensis and D. himalaya) from their original sites (Kyrgyzstan, Gokyo and Khumbu, Nepal),
revealed that morphology of populations of D. fusca, D. pamirensis and D. himalaya did not substantially
differ from each other [47]. Results on morphology were also confirmed by genetic analyses (based on
three mitochondrial genes, 12S, 16S COI). According to the latter, Himalayan and Tian Shan populations
are conspecific, while D. tibetana clearly differs from the other two. The latter belongs to a wider group of
D. (Ctenodaphnia) species that include D. atkinsoni Baird, 1859 [81] and D. mediterranea Alonso, 1985 [82]
complexes as well as D. fusca. While D. tibetana and D. fusca are two valid, well differentiated but
distantly related species, D. pamirensis and D. himalaya are younger synonyms of D. fusca. Populations
of D. fusca so far occur only in high mountain glacial lakes, while D. tibetana inhabits saline lakes of
Central Asian mountain ranges and high altitude plateau. Molecular systematics of the non-pigmented
D. gr. longispina, presenting phylogenetic analyses for individuals collected from the Himalaya (Nepal)
and the Pamir (Tajikistan) mountain ranges [47] recently suggested that populations from Nepalese
Himalayas actually constitute a lineage within the D. dentifera clade. Daphnia from Lake Rangkul
(Tajikistan) pertained to D. longispina clade. Results suggest that the two morphotypes represented
two different species, among the most widespread ones in the D. longispina complex. Each species
was confirmed genetically in at least two biogeographic regions (Palearctic and Holarctic in case of
D. dentifera; [83] and Palearctic and Ethiopian in case of D. longispina [84]). According to these results,
distribution of both species is therefore extended: the Himalayan LCN10 represents not only the
westernmost, but also the highest locality reported for D. dentifera. Similarly, Lake Rangkul is the
southeastern most and also the highest known locality for D. longispina, as evidenced by molecular data.
A recent study on Daphnia of the Tibetan Plateau based on molecular analysis (COI gene) revealed a
higher species richness with respect to those described in the past, however six of the taxonomic units
identified by DNA analysis agreed very well to classical taxonomy descriptions [85].

In LCN70, Rotifera dormancy does not seem to persist over multiple seasons, except for the
species Hexarthra bulgarica nepalensis. The relatively high numbers of Hexarthra diapausing eggs’ cases
may be indicative of a high production of diapausing eggs is this lake. In rotifers, the ability to produce
diapausing eggs varies from species to species, and not necessarily with environmental conditions [86].
Differently from most Monogononta, Hexarthra stem females can in turn be mictic in temporary ponds
from Texas [87]. Mictic females tend to appear very early in the season in lakes of the Sierra Nevada [78]
and in temporary ponds of the Chihuahuan desert [87]. Fertilized eggs in dried sediment probably
regularly hatch in large numbers soon after flooding in LCN70. They hatch during a short period that
marks the beginning of population growth. The timing of this hatching period could be controlled by
temperature at the sediment surface, by physical factors that promote resuspension of diapausing eggs
into an oxygenated and illuminated water and by biotic factors [88–91].

Our results indicate that some of these diapausing eggs remain unhatched in their egg cases
and preserve well in the sediments deposited at the bottom of LCN70, year after year, forming an
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active egg bank [92]. If the eggs are buried in the sediments, their ability to hatch probably depends
on physical and biological processes that mix the sediments and bring them to the surface where
they can experience hatching cues. Sediment mixing is more pronounced in shallow waters, and
therefore, buried diapausing eggs should have a greater chance of hatching there [68]. In the Himalayan
temporary lake studied, during the ice-free period, the water level is subject to wide fluctuations and
the life cycle may start after the summer monsoon inundation provides a hatching environment with
well-oxygenated water and light. Changes in the proportion of diapausing eggs in different sections of
the core might therefore also reflect changes in environmental conditions related to the monsoon.

Viability tests revealed that 64% of Hexarthra diapausing eggs of the uppermost two centimeters
of the sediment core were able to hatch. This result is in agreement with previous studies which
reported a range of hatching success between 10% and 88% [51,93–95]. Given the low sedimentation
rate of this lake, the deposition time of diapausing eggs spans over three decades, thus the large
variation of hatching time we observed (between 4 and 7 days) may reflect differences in age of the eggs.
Consistent with our results, viable zooplankton diapausing eggs are recorded in the upper 4–6 cm of
sediments [49,92,96–101]. Differences between environments can be related not only to differences
in sedimentation rates but also to differences in the mortality rates of dormant stages, that can range
between 1% y−1 and 64% y−1 [51,100,102,103]. In shallow ponds, as well as in our lakes, diapausing
eggs are more exposed to stressing conditions (e.g., desiccation, UV radiation) than in deep lakes, and
this exposure can accelerate the rate of degradation processes [100]. Nevertheless, there is evidence in
literature of a high longevity, up to a maximum of 100 years [12,49,100,104,105].

Brachionus hatched resting eggs were found in the sediment core of LCN70. While reported from
nearby lakes [22], Brachionus was not found in zooplankton samples of LCN70 at the time of sampling.
It might have grown earlier in the season, thus leaving in the sediments the egg resting cases we
found, although in lower numbers that those of Hexarthra. We expect that in these high mountain lakes,
seasonal succession is similar to that already reported from similar systems in the Alps, in which small
zooplankton (monogonont rotifers and immature stages of copepods) grows earlier in the season than
large Daphnia [58]. The chance of finding taxa depends on time and space, and on the method used for
sampling. Species rare at the time of sampling might be overlooked, and such might be the case for
Brachionus in plankton samples of LCN70, which is shallow and with a rocky, heterogeneous bottom.
Fossils from sediment samples generally complement taxa detection in zooplankton contemporary
samples (see [18] for a list of Cladocera taxa found from the same sediment core from LPI that we used
in the present study). Unfortunately, rotifers do not leave fossil remains in the sediments, and copepods
are also very rarely reported, as they tend to quickly degrade. Therefore, the only chance for detecting
their presence is by means of their diapausing stages. Production of diapausing eggs in copepods is
rare and finding of viable diapausing eggs in lake sediments, namely of Diaptomus sanguineus Forbes,
1876 [106], as old as 350 years, is deserving of topmost journals [94]. On the contrary, production of
diapausing eggs in monogonont rotifers, particularly Brachionus, forming an egg bank in the sediments
is commonly reported. So, our inability to find unhatched eggs in the sediments appears contrasting
with the standard very long diapause of most monogonont rotifers. Of course, it might be that, given
rarity, these viable eggs were not found in our sediment samples.

In conclusion, despite producing diapausing eggs in non-negligible amounts, the Cladocera
zooplankton taxa investigated in two Himalayan lakes do not seem leave a biotic reservoir in the
sediments by means of viable diapausing eggs. Daphnia ephippia were in fact empty and/or with
only one, nonviable egg. Similar results were obtained in previous studies, reporting that when a
bilocular ephippium is partly empty, the remaining egg is usually nonviable. The presence of unilocular
ephippium is also reported from high mountain lakes [58], and infertility of the ephippial egg inside is
attributed to UV damage [107]. Therefore, in these high mountain lakes, the egg bank is restricted to
the seasonal recruitment of active individuals into the population when the ice cover melts. The biotic
reservoir of an active eggs bank seems restricted to one monogonont rotifer species, Hexarthra bulgarica
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nepalensis, whose diapausing eggs were successfully resurrected (hatched) in large numbers from
relatively recent sediments.

We cannot, of course, exclude that we were truly unable to study them at best; we might simply
think that, as suggested by Ruggiu et al. 1998: “Any information on freshwater organisms from a truly
remote area could be intrinsically interesting” [108].

If our interpretation is true, we might be very concerned about the future of biodiversity of these
lakes, so beautiful, so fragile. Given the low connections of these lakes with other aquatic environments,
and their remoteness, our results highlight their high vulnerability to loss of biodiversity and of taxa
which are unique and precious, super-exposed to impact of climate change and long distance transport
of pollutants [109–111].
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Abstract: Fish occurring in the outlets of water basins reduce the abundance of zooplankton. The study
was performed at the outlet sections of the lake and waste stabilization pond of a sewage treatment
plant. The aim of the study was to determine which zooplankton is chosen more often by the roach
(Rutilus rutilus), those drifting from the waste stabilization pond or from the lake. The zooplankton
from the pond was dominated by Daphnia pulex while zooplankton from the lake was dominated
by small planktonic rotifers. We observed that the larger the plankter-victim’s size, the faster the
reduction of its number. The fish were more likely to feed on zooplankton drifting from the waste
stabilization pond than from the lake. It was influenced by D. pulex individuals, attractive for
fish due to their largest body size among the analyzed zooplankton. The significance of riverine
zooplankton in the downstream food web may render this data even more important.

Keywords: Daphnia pulex; stream ecology; river dispersion; live organic matter; fish feeding

1. Introduction

Fish make the most significant contribution to reduction of zooplankton communities [1–5]. This is
especially visible in lake outlets where drifting zooplankton constitutes a rich food base for fish [6,7].
Even though the phenomenon of cyprinids feeding on zooplankton in outlets of stagnant basins is very
common, it remains poorly investigated and documented [6,7]. Flow-through lakes and reservoirs
provide a rich source of zooplankton for river ecosystems because organisms are washed out of the
upper sections of lakes into river outlets. There is scarce literature regarding the efficacy and food
selectivity of fish feeding in outlets of stagnant water basins. Certain authors speculate that fish are the
main factor reducing zooplankton biomass in outlets [6–8], while others prove the point by showing
zooplankton in fish stomach contents [9]. However, there is a lack of studies showing the stomach
content of fish in regard to the zooplankton food-base in a river and the size of zooplankton victims.

This can be verified by checking how fish in the outlets of water basins reduce the abundance of
zooplankton ranging in size. However, in the natural environment, it is difficult to find lake outlets
with a high amount of large plankters such as Daphnia magna or D. pulex because they are immediately
eaten by fish in the lake or at the beginning of a lake outlet, and therefore cannot reach the lower
sections of a river outflow from the lake [6,7]. Therefore, it was crucial to find reservoirs without
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fish that allow large plankters to drift downstream in the outlet where their abundance is reduced
by fish. One such reservoir is the retention pond of sewage treatment plants, in which biological
purification of treated sewage takes place. This pond may abound with large planktonic crustaceans
such as D. pulex, which reproduce freely if they do not encounter their greatest stressor, that is, fish [10].
Such conditions were observed in a sewage treatment plant in a small town. An abundant amount of
zooplankton was found in the pond and its outlet, where D. pulex was identified as the quantitative
dominant. Compared to other plankters, this species reaches a large size and therefore is probably
more susceptible to fish predation. The greatest reductions were observed in the largest plankters,
adult cladocerans, and adult copepods [5,9]. Zooplankton that drift from the waste stabilization pond
find their way to the Drawa river, and mix with zooplankton drifting from Adamowo lake. A high
quantity of zooplankton attracts a great cyprinid biomass to the outlet of Drawa, including the roach
(Rutilus rutilus), which feeds on this zooplankton type. This is a good field of research to determine
which zooplankton is chosen more often by the fish, either the one drifting from the waste stabilization
pond or the one from the lake, the factors that characterize the fish (e.g., their size and age), and the
factors that characterize the zooplankton (e.g., body size and abundance) and influence the fish’s choice.
Answering the above questions was the aim of the study. The significance of riverine zooplankton in
the downstream food web may render this data even more important.

2. Methods

2.1. Study Area

The study was performed at the outlet sections of the waste stabilization pond in the town of
Drawno and at the outlet of Adamowo lake (GPS: 53.2089568; 15.7502837; NW Poland) (Figure 1).
The samples were collected at 5 sites: the Adamowo lake outlet into the Drawa river (RLO), the waste
stabilization pond (POND), the outlet from the waste stabilization pond (PO), a site in the Drawa
river 20 m below the pond outlet (R1), and a site in the Drawa river 40 m below the pond outlet (R2).
There were 2 control samples from 2 sites, i.e., RLO and POND, as a source of dispersed zooplankton,
with river current in other sites, i.e., PO, R1, and R2. The biological treatment of sewage, previously
purified by physical and chemical methods and with the use of activated sludge, is carried out in the
retention pond of the sewage treatment plant (POND). The pond is densely covered with submerged
vegetation such as Ceratophyllum demersum. Great feeding conditions and no fish presence in the pond
create the optimal conditions for the development of D. pulex [1–5,11,12]. Phytoplankton communities
and chlorophyll a concentration were not determined during the study, although these findings could
have been useful for determining feeding conditions for D. pulex. Chlorophyll a measurements, taken
the following year during 4 water discharges, indicated that in the summer chlorophyll a concentration
was 38–84 μg L−1. Consistent with other study results, the analysis of our findings indicated that the
pond provided great feeding conditions for D. pulex. Several authors have indicated that there is a high
positive correlation between chlorophyll a concentration and the density of Daphnia species [13,14].

The other sites (in river) were dominated by pelagic rotifers; such a pattern is common in lotic
waters due to several reasons. Rotifers are smaller in size and thus may be avoided by fish [9]. Also,
their sedimentation is reduced due to their smaller specific weight, and consequently the rotifers
may drift long distances, carried by the river current [9,15]. Additionally, the short development
cycle allows rotifers to reproduce successfully under favorable conditions even in running waters [16].
However, in the case of this study, the definite quantitative prevalence of rotifers is determined by
the presence of a highly eutrophicated lake that provides favorable conditions for the development
of zooplankton.
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Figure 1. Scheme of the study area. RLO—river outflow from the lake; POND—waste stabilization
pond of sewage treatment plant; PO—pond outflow; R1—site in the river, 20 m below the pond outflow;
R2—site in the river, 40 m below the pond outflow.

2.2. Sampling Methods

The zooplankton samples were collected for 4 days when the biologically purified water was
being discharged from the retention pond by the sewage treatment plant. The sewage treatment plant
discharged water for 30 min daily. Zooplankton samples were collected at the above-mentioned sites
10 min before the water discharge was around midday.

At each site, 50 L of water was collected from the river current. The samples were collected using
a Van Dorn 5-L water sampler (KC Denmark) at five depths: 20%, 40%, 60%, 80%, and at the surface.
At each depth level, 10 L of water was collected to obtain 50 L of water. The water was filtered through
a plankton net with a mesh of 30 mm. The samples were then concentrated to 150 mL and fixed in a
4–5% formalin solution. Five sub-samples (2 mL) from the stirred total sample were pipetted into a
glass Sedgewick Rafter Counting Chamber. The samples were identified using a Nikon Eclipse 50i
microscope. Similarly to methods applied in our research on the relationship between the reduction rate
in drifting zooplankton abundance and the type of fish present in the pond, in the course of this study
we divided zooplankton into 8 groups, according to the body size and environmental preferences [7]:
(i) benthic rotifers (Bdelloidea, Colurellidae, Mytilina sp., Euchlanis sp., Lecane sp., Cephalodella sp.),
(ii) planktonic rotifers (Pompholyx sp., Filinidae, Trichocercidae, Brachionidae, Polyarthra sp., Synchaeta sp.),
(iii) Asplanchna sp., (iv) small cladocerans (Bosminidae, Chydoridae), (v) large cladocerans (Dapnidae
and Diaphanosoma sp. except D. pulex), (vi) adult D. pulex, (vii) cyclopid nauplii, and (viii) copepods
(adult copepods and copepodites). Because of their large size and their dominance in the pond and
pond outlet, adult individuals of D. pulex were not included in the large cladoceran group, but instead
were categorized as a separate group. Planktonic rotifers, benthic rotifers, and cyclopoid nauplii
were considered the smallest plankters. Asplanchna sp., bosminids, and chydorids were considered
medium-sized plankters, whereas Dapnidae (except for D. pulex), Diaphanosoma sp., and copepods
were considered large plankters. The largest plankters observed were D. pulex individuals [17–19].
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In the attempt to verify food selectivity of fish, 30 roach were caught from the pond outlet site (PO)
on the same day when the zooplankton samples were collected. The fish were caught 5 min before
the end of the water discharge from the waste stabilization pond by 3 anglers of the Polish Angling
Association. The anglers cast fishing rods into the pond outlet, straight into the area where the fish
gathered. The fish took the bait immediately. The number of fish needed for the study was caught in a
range of 1 min 15 s to 2 min 45 s. None of the fish were discarded. The fish sampling was random, and
the fish caught differed in size, mass, and age. We also intended to determine zooplankton selectivity
by fish varying in size and age. Scales were used to estimate fish age. The fish were measured and
weighed. Total length and mass values were used to calculate the fish condition factor. The means of
biomasses and the total body length of fish are shown in Table 1.

Table 1. Mean values ± SD of total length, mass and condition factor of fish.

Date Fish Age Length (cm) Mass (g) Condition Factor

9th
August

6+ (n = 2) 13.70 ± 0.57 35.05 ± 5.16 1.36 ± 0.03
5+ (n = 10) 10.88 ±1.05 17.25 ± 4.92 1.31 ± 0.08
4+ (n = 7) 10.31 ± 0.39 13.80 ± 1.91 1.25 ± 0.11

3+ (n = 11) 8.69 ± 0.34 8.09 ± 1.58 1.22 ± 0.13

16th
August

6+ (n = 4) 12.58 ± 0.62 23.90 ± 3.63 1.20 ± 0.10
5+ (n = 6) 10.57 ± 1.05 14.78 ± 3.55 1.24 ± 0.10

4+ (n = 13) 9.14 ± 0.82 9.30 ± 2.99 1.17 ± 0.11
3+ (n = 5) 7.42 ± 0.22 4.72 ± 0.69 1.15 ± 0.08
2+ (n = 2) 6.20 ± 0.14 2.55 ± 0.07 1.07 ± 0.10

20th
August

7+ (n = 1) 14.30 39.40 1.35
6+ (n = 7) 12.37 ± 0.76 24.63 ± 3.93 1.29 ± 0.09
5+ (n = 7) 11.03 ± 0.73 17.30 ± 3.96 1.27 ± 0.07
4+ (n = 5) 9.40 ± 0.72 10.74 ± 2.44 1.28 ± 0.05
3+ (n = 9) 7.42 ± 0.36 5.19 ± 0.77 1.26 ± 0.07
2+ (n = 1) 5.60 2.20 1.25

4th
September

6+ (n = 9) 12.16 ± 0.30 23.14 ± 1.90 1.29 ± 0.04
5+ (n = 9) 11.38 ± 0.31 18.88 ± 1.71 1.28 ± 0.05
4+ (n = 3) 8.47 ± 0.46 7.50 ± 1.68 1.22 ± 0.09
3+ (n = 9) 7.49 ± 0.33 5.31 ± 0.94 1.25 ± 0.10

The anglers caught 3 fish species—the roach (Rutilus rutilus), the white bream (Abramis bjoerkna),
and the bleak (Alburnus alburnus). However, since roach constituted most of the catches (96%) the study
focused only on this species. Given the above, we could objectively determine fish foraging efficiency.
Once caught, the fish were stunned and killed. Afterwards, fish digestive tracts were preserved in 4%
concentration of formaldehyde and taken to the laboratory where their contents were identified.

Given the site locations, no special field sampling permits were needed to conduct our study.
We confirm that the land owner (the Polish Angling Association) gave us the permission to conduct
the study at the examined sites. All fish were caught in the presence of the fish lake owner. Therefore,
no specific permissions were needed for these locations and activities, and no approval of the
Institutional Animal Care and Use Committee (IACUC) or an equivalent animal ethics committee was
required. The field studies did not involve endangered or protected species. All sampling procedures
and experimental manipulations required for our study have been reviewed and specifically approved
under the field permit.

2.3. Statistical Analyses

To check for significant differences in abundance between the zooplankton groups found at the
sites, the Kruskal–Wallis test was used (p < 0.05). The same test was used to check for significant
differences in zooplankton amount between all zooplankton groups found in fish stomachs (p < 0.05).
To determine significant differences between sites in terms of abundance and zooplankton number in
fish stomachs, we performed post-hoc multiple comparisons of mean ranks for all groups (p < 0.05).
The correlations between fish age and amount of zooplankton in fish stomachs were checked using
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Spearman’s rank correlation (p < 0.05). The aforementioned test was used to calculate the correlations
between zooplankton abundance at sites and the zooplankton amount in fish stomachs (p < 0.05).

We checked the model with the Poisson distribution for overdispersion and found that it did
not fit the data (p < 0.05). Then we used a generalized linear mixed model with negative binomial
error distribution and log link function. The measurement values were added as a random effect.
Zooplankton group abundance in the pond (POND) and the lake outlet (RLO) were included as
covariates. We hypothesized that species abundance in the pond should increase the abundance at the
sampling sites in the river (PO, R1 and R2). For modelling we used the “Mass” package [20] in the R
package [21] for the analyses.

3. Results

We observed each zooplankton group at all sites except for the PO (Figure 2). The greatest
zooplankton density was observed on 20 August. On every day of the data collection, D. pulex were
predominant in the pond and in the pond outlet (Figure 2). Other sampling sites were dominated by
planktonic Rotifera. A significant reduction of this species below the lake outlet indicates that the fish
can consume almost the total amount of D. pulex drifting from the pond (Figure 2, Table 2).

Figure 2. Abundance of zooplankton at examined sites.
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The greatest and most significant reduction in the abundance of drifting zooplankton groups
between the PO and the R2 was reported for D. pulex (p < 0.05) (Table 2). Such great reductions were
not reported for other zooplankton groups drifting from the lake (p > 0.05) or found between the RLO
and the R2 sites, which is a section longer than between the PO and the R2. Even though no significant
differences were reported, we noted that the larger the plankter size, the greater the differences in
zooplankton abundance between subsequent sites (Figure 2, Table 2).

The model with the Poisson distribution showed that the abundance of zooplankton in the RLO
did not affect its abundance at other sites (p > 0.05) (Table 3). We found that abundance in the pond
affected the abundance in other sites (p < 0.05) (Table 3). We found that sites R1 and R2 differed
significantly from the PO site in terms of D. pulex abundance reduction (p < 0.05) (Table 3).

Table 2. Mean ± SD of the zooplankton groups abundance at examined sites (n = 4). Different letters in
rows show significant differences between sites (post-hoc multiple comparisons of mean ranks for all
groups p < 0.05).

Zooplankton Group RLO POND PO R1 R2

Asplanchna 17.4 ± 18.2
a

4.7 ± 8.9
ab

2.5 ± 5.0
b

12.4 ± 11.2
ab

9.6 ± 9.6
ab

Benthic rotifers 18.9 ± 11.6
a

4.3 ± 6.8
a

2.4 ± 1.1
a

23.3 ± 22.0
a

24.5 ± 17.9
a

Planktonic rotifers 351.5 ± 216.7
a

37.7 ± 30.3
ab

24.9 ± 21.2
b

313.6 ± 178.8
ab

325.4 ± 202.5
ab

Small cladocerans 38.6 ± 16.8
ab

54.2 ± 51.8
ab

39.7 ± 45.4
ab

46.8 ± 32.8
ab

28.3 ± 15.8
ab

Large cladocerans 6.0 ± 3.9
ab

0.6 ± 0.7
ab - 2.9 ± 2.1

ab
1.0 ± 0.5

ab

Daphnia pulex - 122.9 ± 62.5
a

84.4 ± 57.5
a

9.1 ± 9.6
b

0.8 ± 1.0
b

Nauplii Cyclopoida 57.5 ± 59.3
a

7.7 ± 6.5
ab

4.5 ± 3.1
b

61.4 ± 73.8
ab

50.5 ± 65.3
ab

Cyclopoida 21.2 ± 10.2
a

6.9 ± 2.9
b

3.9 ± 2.4
b

20.6 ± 9.3
a

8.5 ± 4.6
ab

Table 3. Estimates of fitted model with species abundance as dependent variable. Significant results
are marked with bold.

Fixed Effects Estimate Std. Error z Value p

(Intercept) 0.803 0.426 1.883 0.060

R1 vs PO 1.492 0.492 3.035 0.002

R2 vs PO 1.248 0.500 2.496 0.013

Benthic rotifers −0.311 0.602 −0.516 0.606

Cyclopoida 0.336 0.538 0.625 0.532

Daphnia pulex 1.825 0.581 3.142 0.002

Large cladocerans −21.717 42.375 −0.512 0.608

Nauplii Cyclopoida 0.251 0.538 0.466 0.641

Planktonic rotifers 1.167 0.594 1.965 0.049

Small cladocerans 1.678 0.502 3.344 0.001

RLO 0.001 0.001 1.209 0.227

POND 0.013 0.003 4.384 <0.001

R1 vs PO: Benthic rotifers 0.951 0.714 1.333 0.182

R2 vs PO: Benthic rotifers 1.273 0.719 1.769 0.077

R1 vs PO: Cyclopoida 0.240 0.663 0.362 0.717

R2 vs PO: Cyclopoida −0.400 0.682 −0.586 0.558

R1 vs PO: Daphnia pulex −3.903 0.635 −6.149 <0.001

R2 vs PO: Daphnia pulex −6.017 0.850 −7.075 <0.001

R1 vs PO: Large cladocerans 20.295 42.376 0.479 0.632
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Table 3. Cont.

Fixed Effects Estimate Std. Error z Value p

R2 vs PO: Large cladocerans 18.908 42.377 0.446 0.655

R1 vs PO: Nauplii Cyclopoida 1.137 0.656 1.733 0.083

R2 vs PO: Nauplii Cyclopoida 1.148 0.663 1.730 0.084

R1 vs PO: Planktonic rotifers 1.282 0.614 2.087 0.037

R2 vs PO: Planktonic rotifers 1.527 0.621 2.458 0.014

R1 vs PO: Small cladocerans −0.993 0.614 −1.619 0.106

R2 vs PO: Small cladocerans −1.173 0.624 −1.879 0.060

Examination of roach stomach contents showed that their diet consists mainly of D. pulex (Figure 3)
because it had the highest percentage contribution of the total plankters across all individuals (Table 4).
Even though D. pulex dominated in the stomachs of fish of all ages, we observed that older fish
consumed considerably more D. pulex (p < 0.05) than younger fish (Table 4).

Figure 3. Total number of zooplankton individuals in stomachs of total fish.
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A significant correlation between the fish age and the number of zooplankton group individuals
in fish stomachs was observed only for D. pulex (p < 0.05) (Figure 4). Correlations between fish age
and number of zooplankton individuals from other groups found in fish stomachs were insignificant
(p > 0.05).

Figure 4. Significant Spearman correlations between fish age and abundance of D. pulex in fish stomach
(R = 0.86, p < 0.0001).

We did not observe any relationship between the increase in abundance of zooplankton groups in
the RLO or in the PO, and a significant increase in the number of individuals of these groups in fish
stomachs (p > 0.05) (Table 5). The aforementioned correlation was significant only in the case of large
cladocerans in the RLO.

Table 4. Mean values ± SD of percentage contribution of zooplankton abundance in fish stomachs.
Different letters in rows show significant differences between fish-age samples (post-hoc multiple
comparisons of mean ranks for all groups p < 0.05).

Fish age 2+ 3+ 4+ 5+ 6+ 7+

n 3 34 28 32 22 1

Zooplankton
group

Asplanchna - 0.03 ± 0.10
a

0.02 ± 0.09
a

0.01 ± 0.04
a

0.01 ± 0.03
a -

Benthic
rotifers

0.88 ± 1.52
a

0.10 ± 0.31
a

0.02 ± 0.06
a - - -

Pelagic
rotifers

1.02 ± 0.91
a

0.23 ± 0.47
a

0.03 ± 0.10
a

0.02 ± 0.08
a - -

Small
cladocerans

2.50 ± 0.22
a

0.40 ± 0.83
ab

0.16 ± 0.35
ab

0.05 ± 0.12
b

0.04 ± 0.07
b

0.25
ab

Large
cladocerans

0.88 ± 1.52
a

0.26 ± 0.47
a

0.15 ± 0.23
a

0.10 ± 0.16
a

0.09 ± 0.12
a

0.08
a

Daphnia
pulex

90.96 ± 7.01
a

98.11 ± 2.13
a

99.16 ± 1.13
ab

99.65 ± 0.32
ab

99.74 ± 0.27
b

99.58
ab

Nauplii 3.32 ± 3.29
a

0.39 ± 0.62
ab

0.18 ± 0.40
ab

0.02 ± 0.07
b

0.01 ± 0.03
b -

Cyclopoida 0.44 ± 0.76
a

0.47 ± 0.80
a

0.27 ± 0.52
a

0.15 ± 0.20
a

0.12 ± 0.20
a -
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Table 5. Spearman correlations between zooplankton group abundance in RLO and PO sites versus
number of zooplankton in fish stomachs (p < 0.05). Ab.—abundance in water, Stom.—number in
stomach. Significant results are marked in bold.

Site RLO n r p

Ab. Asplanchna vs. Stom. Asplanchna 4 0.74 0.262

Ab. Benthic rotifers vs. Stom. Benthic rotifers 4 −0.74 0.262

Ab. Planktonic rotifers vs. Stom. Pelagic rotifers 4 0.32 0.683

Ab. Small cladocerans vs. Stom. Small cladocerans 4 0.80 0.200

Ab. Large cladocerans vs. Stom. Large cladocerans 4 0.99 0.001

Ab. Daphnia pulex vs. Stom. Daphnia pulex 1 - -

Ab. Nauplii Cyclopoida vs. Stom. Nauplii 4 0.63 0.367

Ab. Cyclopoida vs. Stom. Cyclopoida 4 0.80 0.200

Site PO

Ab. Asplanchna vs. Stom. Asplanchna 1 - -

Ab. Benthic rotifers vs. Stom. Benthic rotifers 4 0.94 0.051

Ab. Planktonic rotifers vs. Stom. Pelagic rotifers 4 0.32 0.684

Ab. Small cladocerans vs. Stom. Small cladocerans 4 0.80 0.200

Ab. Large cladocerans vs. Stom. Large cladocerans 0 - -

Ab. Daphnia pulex vs. Stom. Daphnia pulex 4 0.80 0.200

Ab. Nauplii Cyclopoida vs. Stom. Nauplii 4 0.83 0.167

Ab. Cyclopoida vs. Stom. Cyclopoida 4 0.60 0.400

4. Discussion

The present study shows that the reduction in abundance of several large plankters in a short river
section may vary from a few percent to almost 100%. Naturally, the larger the zooplankton individuals,
the greater the reduction of their abundance [6,7,22]. It would seem that the body size of plankters was
a key factor that affected the amount of reduction in species abundance [5,7,9,19,23]. Fish substantially
reduced large invertebrate prey, i.e., D. pulex. This species dominates in fish stomachs, and therefore
proves that D. pulex abundance has been reduced by fish. Several papers have indicated that fish have
a significant impact on the reduction of drifting zooplankton abundance in rivers [6,7,9]. Our study
showed that fish are a crucial factor that reduces the abundance of drifting zooplankton in rivers,
and their reduction efficiency increases with zooplankton size primarily because preying fish prefer
large-bodied zooplankton.

Fish of all ages presented with high condition values due to the consumption of large amounts of
D. pulex, which constituted an easily accessible food source. Low standard deviation scores for the fish
condition factor indicate small differences in this parameter. This means that all the fish had equal and
unlimited access to D. pulex as a food base.

Examination of fish stomach contents showed that older fish consumed less small planktonic
organisms and more large-bodied ones, so these findings were not surprising [24]. However, given the
results of the present study, it is difficult to prove the same for organisms other than D. pulex, because
this species dominated in the stomach content of all fish of all ages. For this reason, when analyzing
the plankter abundance reduction it is worth focusing on that specific species.

It is worth considering the correlations between fish age and number of zooplankton group
individuals in fish stomachs, which was significant only in the case of D. pulex. Perhaps the correlation
would have also been significant in the case of relatively large plankters such as large cladocerans
or copepods. However, the fish had a large density of large D. pulex individuals to choose from,
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and clearly selected for this species. Hence, a conclusion can be drawn that fish made clear food
selectivity decisions amongst the biggest plankters, which confirms the assumptions and results of
other authors [5,7,9,25]. Even though other large planktonic crustaceans were available, the fish
preferred D. pulex. We observed a significant reduction in Copepoda only in the further river sections,
which means that fish consume other larger plankters once D. pulex is no longer available.

The results of the present work also show that the higher the abundance of zooplankton groups in
a lake outlet or in a pond outlet, the higher the number of these groups observed in fish stomachs.
However, there are no significant correlations between these variables to unambiguously support
this statement. Perhaps, had the D. pulex been unavailable, the fish would have consumed other
zooplankton groups and consequently such a correlation would have been significant. Nonetheless,
the fish avoided feeding on small plankters because they provide little energetic gain [9]. The results of
our present study also confirmed this hypothesis.

The abundance increase of D. pulex in a pond outlet does not affect the number of individuals in
fish stomachs. This means that each day the abundance of D. pulex in the PO was sufficient for the
fish biomass who almost entirely reduced the abundance of D. pulex in the river each day. Gliwicz [1]
documented a case of continuous zooplankton consumption by fish in Cahora Bassa, Africa, and found
that a great amount of easily accessible large zooplankton biomass was consumed by fish even though
their stomachs were full. According to Gliwicz [1], it was a natural reaction for fish who had easy and
short access to energetic gain. Therefore, despite having a full stomach, fish consume as much food as
possible. Presumably, fish in the pond outlet consumed all the available large zooplankton biomass.
It also confirms the foraging efficiency of fish examined in our experiment. The results of D. pulex
abundance for the examined sites show that fish can consume almost the total amount of this species.
This means that the pond outlet has a small effect on the movement of significant D. pulex biomass
into the river, and thus on the entry of organic nutrients into it. Another factor is the incorporation of
nutrients, eaten by zooplankton, into the fish tissues, and which eventually take part in the circulation
of biogenic compounds [24].

The presented work shows the importance in limiting the abundance of drifting zooplankton in
rivers by fish and the role of the plankter body size. The larger the plankter-victim’s size, the faster the
reduction of its number. In future research, it would be worth focusing on the issue of the efficiency
and feeding potential of one fish to determine what size of fish biomass can eat the entire biomass of
zooplankton carried away from the pond. This is an important problem, because the analysis of the
results of this work does not indicate whether the zooplankton was continuously eaten by the same
fish, or if the already fed fish were replaced by hungry fish. Finally, it can be concluded that the fish
were more likely to feed on zooplankton drifting from the waste stabilization pond than from the lake.
This was influenced by D. pulex individuals, attractive for fish due to them having the largest body size
among the analyzed zooplankton, irrespective of the D. pulex percentage in the total abundance of
zooplankton. Moreover, zooplankton are a valuable source of nutrients [26].
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Abstract: Resolving the contribution to biodiversity patterns of regional-scale environmental drivers
is, to date, essential in the implementation of effective conservation strategies. Here, we assessed the
species richness S and taxonomic distinctness Δ+ (used a proxy of phylogenetic diversity) of crustacean
zooplankton assemblages from 40 ponds and small lakes located in Albania and North Macedonia
and tested whether they could be predicted by waterbodies’ landscape characteristics (area, perimeter,
and altitude), together with local bioclimatic conditions that were derived from Wordclim and MODIS
databases. The results showed that a minimum adequate model, including the positive effects of
non-arboreal vegetation cover and temperature seasonality, together with the negative influence of
the mean temperature of the wettest quarter, effectively predicted assemblages’ variation in species
richness. In contrast, taxonomic distinctness did not predictably respond to landscape or bioclimatic
factors. Noticeably, waterbodies’ area showed a generally low prediction power for both S and Δ+.
Additionally, an in-depth analysis of assemblages’ species composition indicated the occurrence of
two distinct groups of waterbodies characterized by different species and different precipitation and
temperature regimes. Our findings indicated that the classical species-area relationship hypothesis
is inadequate in explaining the diversity of crustacean zooplankton assemblages characterizing the
waterbodies under analysis. In contrast, local bioclimatic factors might affect the species richness
and composition, but not their phylogenetic diversity, the latter likely to be influenced by long-term
adaptation mechanisms.

Keywords: crustacean zooplankton; species richness; phylogenetic diversity; bioclimate;
freshwater ponds

1. Introduction

Lentic freshwaters are acknowledged to play a crucial role in regulating the global ecosystem
functions e.g., carbon cycle [1] and they are among the Earth’s most threatened habitats in terms of
intensity of anthropogenic pressures, biodiversity loss, and non-indigenous species introduction [2–4].

They include an extreme variety of habitats differing in ecological characteristics and fragility [5,6].
Surface area represents one of the most apparent differentiating properties: indeed, lentic environments
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(304 million water bodies; 4.2 million km2 in total area [7]) include the lake Superior (82,000 km2),
together with small ponds, i.e., waterbodies less than 0.05 km2 in area [8].

Ponds and small lakes (hereafter PSL) have significant ecological functions [9,10]: among others,
they provide a considerable contribution to inland water CO2 and CH4 emissions [11]. In addition,
they are, to date, recognized as important biodiversity hotspots, especially in mountainous regions,
supporting a high species richness and contributing a high degree of rare species to regional
pools ([12–15]; see also [16] for an example on planktonic Calanoida). Noticeably, PSL are threatened by
a number of anthropogenic pressures, including nutrient loading, contamination, acid rain, and invasion
of exotic species [17]. In addition, infilling (both natural and caused by direct habitat destruction),
land drainage, decline in many of their traditional uses, and changes of function determine at a regional
scale the drastic reduction in PSL number and connectivity [12].

In the last decade, several investigations have focused on the diversity of benthic invertebrates,
as they are excellent bio-indicators of PSL ecological integrity [18,19]. Local factors that are related with
e.g., hydroperiod, environmental harshness, water chemistry, spatial connectivity, habitat heterogeneity,
and presence of predators, have been recognized to influence the biodiversity of macroinvertebrate
assemblages ([20] and literature cited). At a regional scale, attention has been primarily given to the
influence of waterbodies area [21–23], while assuming, within the general theoretical background
provided by the species-area relationship (SAR) hypothesis [24], that basins’ size correlates with
the number of microhabitats within the basin itself and with populations’ abundance, and thence
inversely correlated with the likelihood of random extinctions. However, resolving the contribution
to biodiversity patterns of environmental factors acting at a regional scale is, to date, essential to
the implementation of effective conservation strategies in the face of e.g. deforestation and climate
change ([25,26] and literature cited). Accordingly, several attempts have been made to model
biodiversity of freshwater environments by means of regional bioclimatic factors [27,28].

In the present study, we focused on the diversity of crustacean zooplankton assemblages in
40 ponds and small lakes differing remarkably in terms of origin, extension, and altitude from a
relatively wide region comprising part of Albania and North Macedonia. A recent faunal inventory
focusing on ponds and lakes in the area [29] provided the starting reference information on the
taxonomic characteristics of the assemblages.

A number of studies have generally indicated a positive relationship between the surface area of
lacustrine environments and zooplankton diversity (e.g., [30–32]; but see [13]); accordingly, crustacean
zooplankton has been shown to have higher species richness in small ponds as compared with
lakes [16,33,34]. This notwithstanding, we hypothesized that area alone may not be an adequate
predictor, and that local bioclimatic conditions may ultimately contribute in explaining diversity
variations across waterbodies by influencing their physical-chemical characteristics, as observed
in recent investigations on freshwater macroinvertebrates and macrophytes [27,28,35]. This could
be particularly true for waterbodies in mountainous habitats, where temperature and precipitation
regimes intensely reflect the chemical-physical characteristics and hydroperiod of the waterbodies
themselves [36], regulating the harshness and stability of the aquatic environments and, in turn,
the diversity of the biota living in them ([22] and literature cited).

To verify the hypothesis and test whether bioclimatic factors can predict assemblages’ diversity,
we identified a minimum adequate model (MAM) predicting assemblages’ diversity across the different
waterbodies by means of a heuristic multiple regression approach and Bayesian Information Criterion
model selection method while using satellite-derived bioclimatic variables as predictors. Multiple
indices are, to date, available to quantify different aspects of biodiversity [37]. Here, we identified
predictive MAMs estimating the diversity of crustacean zooplankton assemblages in terms of species
richness and average taxonomic distinctness.

Species richness is the most classical measure of biodiversity across ecosystems that has been
extensively used in studies on lentic habitats (see references cited above). This index provides an
incomplete understanding of biological variability, because it neglects information on the identity and
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taxonomic relationship among species, and it is hampered by a number of critical limitations [38,39].
Accordingly, we used the average taxonomic distinctness Δ+ [40] to compare the taxonomic relatedness
of species in the crustacean assemblages of every water body. In addition, we tested the influence of
bioclimatic factors on crustacean assemblages in terms of species composition. To this end, multivariate
approaches that are based on a canonical analysis of principal coordinates were used to model
the changes in the structure of the assemblages as affected by bioclimatic variables, and identify
relationships between the latter and specific groups of zooplankton taxa.

2. Material and Methods

2.1. Sampling Sites and Collection Procedures

A total of 40 sites were selected among those (53) that were surveyed between 2005 and
2017 by Belmonte and colleagues [29] in an area comprised between 39◦55′22′′–42◦04′30′′ N,
and 19◦24′30′′–20◦47′36′′ E. (Figure 1, Table 1).

 

Figure 1. Location of the 40 waterbodies in Albania and North Macedonia.
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Sampling procedures are described in detail elsewhere [29]. As the water bodies varied in
terms of area, altitude, origin (natural, artificial), as well as in hydrology (permanent, temporary),
banks morphology, and degree of aquatic vegetation cover, it was not possible to apply a standardized
sampling protocol across all of the sites.

In the selected sites, sampling operations were carried out in spring–early summer (i.e., between
April and July) always by the same operators, while using a hand-held plankton net (200 μm mesh-size,
mouth diameter, 30 cm). The collection (by plankton net towing from two opposite edges of the pond)
covered the whole water body when its diameter was smaller than 100 m. For larger water bodies,
sample collection was carried while using a canoe. In the case of small ponds, the collection procedure
was repeated three times (each sample derived from the execution of three collections). In the case of
larger water bodies, a sample collection was carried out in three different stations; the three different
samples were ultimately cumulated.

After collection, the samples were fixed in situ in 90–96% ethanol. In the laboratory, taxa were
identified to the species level while using a compound microscope (×30–×300 magnifications) that was
equipped with a camera lucida.

The quantification of the abundance of each taxon was not performed, and only presence/absence
data were considered due to the huge variability of water volumes in each pond, which made impossible
the comparison among the concentrations of plankton of different sites.

2.2. Landscape-Climate Variables

Together with altitude, we used area and perimeter of the water bodies together with bioclimatic
factors (i.e., temperature and precipitation) to represent the landscape-climate variables. Water bodies
were geo-referenced in Google Earth Pro version 7.3.2., where their surface (in km2) and perimeter (in
km) were measured while using the software tools. Measurements were performed by preferentially
choosing images that were taken in spring or summer between 2008 and 2017, assuming that negligible
variations in the water bodies size and morphology occurred during this period.

Nineteen climatic layers with a 30-second spatial resolution (0.93 × 0.93 = 0.86 km2 at the
equator; approximately 0.92 × 0.70 = 0.64 km2 within the study area), including temperature
and precipitation variables, were extracted from the WorldClim v2 data set [41] (Table A1 in
online material). Besides climate, there is a growing recognition of the importance of vegetation
cover in characterizing the spatial environmental heterogeneity in a given area at the meso- and
topo-scales, in turn affecting climate, soil composition, hydrology and geomorphology, and, ultimately,
biological processes that were related with species richness and community complexity [42,43].
Accordingly, two vegetation variables (i.e., percent tree cover and percent non-tree cover) were
extracted from the Terra MODIS Vegetation Continuous Field (VCF) product (available as MOD44B
v006 https://lpdaac.usgs.gov/products/mod44bv006/). Percent tree cover included all forest types and
age classes, while percent non-tree cover included meadows, regeneration areas, and clear-cut areas.
MODIS tiles of the study area were re-projected and re-sampled to meet the coordinate system and
resolution of WorldClim layers; percent cover data were subsequently obtained for the years from 2006
to 2017, and averaged. In addition, the third VCF component of ground cover, i.e., percent bare soil
(including bare soils and rocks) was extracted according to the aforementioned procedures, and was
used together with tree and non-tree vegetation percent cover data to estimate the Shannon’s diversity
index (H) as a proxy of habitat heterogeneity.

2.3. Data Analysis

The values in the text are expressed as averages ± 1SE; for parametric statistical analysis, data were
tested for conformity to assumptions of variance homogeneity (Cochran’s C test) and normality
(Shapiro–Wilks test) and transformed when required.

The taxonomic diversity of crustacean assemblages in each water body was estimated in terms
of species richness S and average taxonomic distinctness Δ+. The index can be used as a proxy for
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phylogenetic diversity and it measures the mean path length through a taxonomic tree connecting
every species [40]. Here, mean taxonomic distinctness values were calculated assigning equal
weighting to branch lengths from a linear Linnaean classification while using eight taxonomic
levels (i.e., class, subclass, order, suborder, infraorder, family, genus, and species). The taxonomic
classification tree was built according with the World Register of Marine Species (WoRMS, available at
https://www.marinespecies.org) and the Integrated Taxonomic Information System (ITIS, available at
https://www.itis.gov).

For the sake of completeness, other taxonomic diversity indices were calculated, including the
total taxonomic distinctness sΔ+ and the variance in taxonomic distinctness Λ+ [44,45], the average
phylogenetic diversity Φ+, and the total phylogenetic diversity sΦ+ [46]. S resulted in being significantly
related with sΔ+, Φ+, and sΦ+ (r = 0.98, −0.89, and 0.95, respectively; P always < 0.01, 38 degrees
of freedom), while Δ+ scaled negatively with Λ+ (r = −0.44, P = 0.004); conversely, S and Δ+ were
characterized by a non significant negative correlation (r = −0.26, P = 0.12, 38 d.f.); thus, the two indices
were chosen for further analyses.

We verified the influence on both indices of potential artefacts, due to (i) possible differences in
sampling procedures and (ii) the different number of total collected samples per water body. To this end,
we performed a one way permutational analysis of variance (PERMANOVA; [47]) based on Euclidean
distances and 999 permutations with “sampling procedure” as a fixed factor (two levels, “hand”,
or “canoe”) and the number of collected samples as the covariate (P and N hereafter). Both factors
exerted negligible influences on the S and Δ+ estimations (S: Pseudo–FP = 4.42, P(perm)P = 0.08,
Pseudo–FN = 0.48, P(perm)N = 0.47, Pseudo-FP×N = 0.12, P(perm) P×N = 0.72; Δ+: Pseudo–FP = 1.67,
P(perm)P = 0.21, Pseudo–FN = 0.01, P(perm)N = 0.94, Pseudo–FP×N = 1.07, P(perm) P×N = 0.31).
Consequently, the S and Δ+ values were assumed to provide robust estimation of planktonic Crustacea
diversity across the studied water bodies. PERMANOVA was further used to test the effects of the
factors “origin” (two levels, “natural” and “artificial”) and “typology” (two levels, “pond” and “lake”)
on the diversity indices. As water bodies varied greatly in elevation (Table 1), the latter was included
in the analyses after log-transformation as a continuous covariate.

The georeferenced locations of the sampling sites were used to extract climatic and vegetation
data from environmental layers. The final data set included 19 climatic, two vegetation (% tree
cover, % non-tree cover), four geomorphological (elevation, perimeter, surface, and perimeter/surface
ratio), and one habitat heterogeneity variable (Table A1). They were log-transformed and z-scaled;
subsequently, their original number (25) was reduced while using an iterative variance inflation
factor (VIF) analysis [48,49]. In brief, if a strong linear relationship links a variable x with at least
another variable y, the correlation coefficient would be close to 1, and the VIF for x would be large.
Here, diversity measures with VIF factors that were larger than 10 were excluded. Variables with
VIF factors larger than 10 were discarded. The identification of a minimum adequate model (MAM
hereafter; [50]) linking diversity measures with environmental variables was based on the heuristic
generation of alternative regression models (see [51] for complete details on the procedure). Model
selection was performed while adopting an Information Theoretic criterion [52]; the second-order
Akaike Information Criterion AICc [53,54] was calculated for each combination of n explanatory
variables and used to identify the best MAM among the alternative regression models that were
generated by the procedure. For model comparison, AICc values were used to estimate a set of positive
Akaike weights wi summing 1:

wi(AIC) =
exp[−1/2(AICi −minAIC)]∑K
1 exp[−1/2(AICi −minAIC)]

(1)

With K = number of models. The model showing the highest wi was accepted as the best candidate;
other candidate models were accepted if characterized by wi values within 12.5% of the highest [55–57].
The model building and MAM identification procedures were performed while adopting Fox and
Weisberg [58] as a general reference.

81



Water 2019, 11, 2384

Given the non-conclusive outcomes of the analyses that were performed on taxonomic distinctness
(see Results section), we verified whether bioclimatic factors influenced planktonic Crustacea
assemblages in terms of species composition. Species incidence data were used to calculate a Jaccard
similarity matrix across the different waterbodies. In addition, a similarity matrix that was based on
Euclidean distances was constructed for bioclimatic variables, and the consistency of the two matrices
was tested while using the Kendall coefficient of concordance (W). Subsequently, a canonical analysis
of principal coordinates (CAP) [59] was performed to model changes in assemblages composition,
as affected by bioclimatic factors. The appropriate number of principal coordinates m was chosen as
to minimise the P value from the permutation test based upon the trace statistic and maximizing the
leave-one-out allocation success [60]. Post-hoc PERMANOVA tests were performed to confirm the
results of the ordination for both bioclimatic factors and species; SIMPER analyses were performed
on the Euclidean distance matrix of the former to assess the percentage contribution of each factor
to the dissimilarity between the groups of waterbodies that were identified by the CAP procedure.
Furthermore, the Spearman’s rank correlations were estimated to identify the bioclimatic variables and
the crustacean species that most effectively described the groups of waterbodies that were identified
by the CAP procedure. Only the variables with a Spearman rank correlation coefficient r > 0.55
were considered.

All of the analyses were implemented in the R statistical environment v3.6.1 [61] while using a
suite of packages including taxize (for taxonomic information retrieval from online databases) vegan
(for diversity measures and multivariate analyses), raster, rgdal, and maptools (for environmental layers
manipulation), usdm (for VIF analysis), car, leaps, and HH (for MAM identification).

3. Results

3.1. General Features

The 40 water bodies analysed, varied remarkably in terms of altitude, area, and perimeter
(Figure 2). They showed an average altitude of 1168.3 m a.s.l. (± 141.9 m SE), ranging from 2 m a.s.l.
(Narte Zvernec pond, ZVE in Figure 1) to 2,435 m a.s.l. (SHR 5). The average surface extension was
0.09 km2 ± 0.03 SE, ranging from 9.1×10−4 to 0.86 km2. The average perimeter was 1.01 ± 0.21 km,
ranging between 0.035 and 6.1 km. For both of the variables, the minimum and maximum values
corresponded with a small artificial pond in the karst highlands of Progonat (PRO1) and the Lake
Seferan in the Dumre region (SEF).

In the 40 water bodies, 79 Crustacea species were identified in total, being almost equally
distributed between the classes Branchiopoda and Hexanauplia (41 and 38 species respectively).

Among Branchiopoda, Anomopoda outnumbered the other two orders Ctenopoda and Haplopoda
(38 vs. 2 and 1 species). Daphnia, Ceriodaphnia, and Moina were the genera that were characterized
by the highest number of species (nine Daphnia species, four Moina species, and three Ceriodaphnia
species) together representing the majority of all the sampled Anomopoda species. Ctenopoda were
represented by the congeneric Diaphanosoma brachyurum and D. lacustris while Haplopoda by the single
species Leptodora kindtii. The class Hexanauplia (alias Copepoda) was dominated by species belonging
to the order Cyclopoida (31) and to a minor extent Calanoida (7). The genus Cyclops (seven species)
together with Acanthocyclops, Paracyclops (four species each), and Mesocyclops (three species) constituted
to the majority of the species in the order; Calanoida were represented by the genera Eudiaptomus (three
species), Mixodiaptomus (two species each), and by Arctodiaptomus salinus and Neodiaptomus schmackeri.
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Figure 2. Frequency distribution of waterbodies area, perimeter, and altitude. The histograms for first
variables adopt geometric scale increments (×2), while for altitude (elevation) a linear scale is used.
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The species showing the widest distributions were the Anomopoda Bosmina longirostris (16 sites),
Chydorus sphaericus (15 sites), and Daphnia longispina (14 sites) (Table 2); in addition, the Cyclopoida
Mesocyclops leuckarti, the Calanoida Mixodiaptomus tatricus, and the Ctenopoda Diaphanosoma brachyurum
occurred in 12 sampled sites.

Table 2. Summary of PERMANOVAs on species richness S and taxonomic distinctness + of crustacean
zooplankton assemblages testing for the effects of waterbodies’ origin and typology including elevation
as a continuous covariate **: p < 0.01.

Response Variable S Δ+

Source of variation df MS Pseudo-F MS Pseudo-F

Altitude (1) 1 1.93 0.41 9.43 0.35
Origin (2) 1 71.68 15.16 ** 18.83 0.69

Hydrology (3) 1 11.19 2.37 29.73 1.09
1 × 2 1 0.16 3.4 × 10−2 1.01 3.7 × 10−2

1 × 3 1 0.11 2.2 × 10−2 1.39 5.2 × 10−2

2 × 3 1 0.82 0.17 1.11 4.1 × 10−2

As regarding high level taxa, only Anomopoda (Cladocera) were present in every site. Cyclopoida
(Hexanauplia) were present in 38 sites (95% of the total), Calanoida (Hexanauplia) in 30 sites (75%),
Ctenopoda (Cladocera) in four sites (10%), and Haplopoda (Cladocera) in three sites (7.5%).

3.2. Diversity Patterns and Bioclimatic Correlates

On average, 6.7 ± 0.4 species per water body were found, ranging between three (JAH, PIL, RRE)
and 14 species (KOR 1). The taxonomic distinctness Δ+ of the different planktonic assemblages was on
average 72.1 ± 0.78, ranging between 60 (SHB 2) and 88.9 (GRA).

The factor “origin” was the only exerting significant effects of the species richness of waterbodies
(Table 2), with the six artificial water bodies being included in the study characterized by lower S
values as compared with natural basins (3.5 ± 0.22 vs. 7.29 ± 0.38, respectively). Conversely, negligible
effects were generally observed for the taxonomic distinctness Δ+ (Table 2).

The 25 predictor variables (Table A1) were reduced to a set of nine characterized by negligible
collinearity (Table A2). They included five climatic variables (i.e., Isothermality, Temperature Seasonality,
Mean Temperature of Wettest Quarter, Annual Precipitation, and Precipitation of Coldest Quarter),
% tree and % non-tree vegetation cover, habitat heterogeneity, and water body surface. Besides water
body surface, the variable Mean Temperature of Wettest Quarter showed the greatest among-water
bodies variability (Table A2), ranging from a minimum of −5.32 ◦C (SHB 2) to a maximum of 11 ◦C
(ZVE). It was followed by % tree cover (varying between 1 and 70%, BEL and DEG, respectively) and
% non-tree cover (ranging between 20 and approx. 81%, BEL-DEG and SHR 2, respectively).

The heuristic search procedure identified a Minimum Adequate Model (MAM) predicting the
variation of species richness S across the different water bodies relying on the three explanatory
variables % non tree cover, Temperature Seasonality, and Mean Temperature of Wettest Quarter
(Figure 3; multiple r = 0.58, P = 0.002, d.f. = 3, 36). The MAM was characterized by the lowest AICc
value, and by an Akaike weight wi approximately eight times larger than the second-best candidate,
based on the variables Temperature Seasonality, Mean Temperature of Wettest Quarter, and Habitat
heterogeneity (Table 3). All of the predictors provided significant contributions to S variation across
water bodies (minimum absolute t value = 2.34, P = 0.02 for the variable Mean Temperature of Wettest
Quarter); the contributions of both % non-tree cover and Temperature Seasonality were positive
(b = 0.27 ± 0.12 and 0.64 ± 0.15, respectively), while the Mean Temperature of the Wettest Quarter
provided a negative contribution (b = −0.26 ± 0.14). Noticeably, none of the first ten best-performing
models included water body area (Table 3).
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Figure 3. Species richness S of crustacean zooplankton assemblages in the 40 waterbodies under
analysis plotted against the values predicted by the best Minimum Adequate Model (MAM; see Table 3
for predictor variables) identified adopting a multiple regression procedure (top). Dashed curves are
95% CI. For the sake of completeness the predicted taxonomic distinctness values Δ+ by the best MAM
are also reported (bottom).
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Table 3. Summary of the heuristic multiple regression analysis followed by a parsimonious selection
procedure of the Minimum Adequate Model (MAM) predicting species richness (S) and of crustacean
zooplankton assemblages by means of bioclimatic variables; only the first 10 best MAMs are reported.
For the sake of completeness, results of MAM analysis are reported also for taxonomic distinctness
(Δ+), even though the statistical power of the models was negligible (see Results). K: number of
predictors included in the model; AICc: second-order Akaike Information Criterion; wi: Akaike weight.
For predictor abbreviations see Table A1.

Species Richness S

K Predictors AICc wi

3 %nontr–TempSea–MeanTwet 62.84 0.485
3 H–TempSea–MeanTwet 67.05 0.058
3 %nontr–TempSea–PrecColdQ 67.07 0.057
4 H–Iso–TempSea–MeanTwet 67.12 0.046
2 TempSea–PrecColdQ 67.57 0.044
4 %nontr–TempSea–MeanTwet–Prec 67.62 0.044
4 %nontr–TempSea–MeanTwet 67.71 0.043
3 TempSea–MeanTwet–Prec 67.73 0.042
1 Iso–PrecColdQ 67.74 0.041
4 %nontr–Iso–TempSea–MeanTwet 67.96 0.04

Taxnomic DistinctnessΔ+

K Predictors AICc wi

1 %tr 130.92 0.19
2 %tr–MeanTwet 131.88 0.12
1 PrecColdQ 131.98 0.11
2 %tree–PrecColdQ 132.08 0.11
1 MeanTwet 132.42 0.09
3 %tr–MeanTwet–SUR 132.58 0.08
2 MeanTwet–SUR 132.67 0.08
1 %nontr 132.71 0.08
1 SUR 132.74 0.08
2 %tr–SUR 132.79 0.07

In contrast with species richness, the heuristic search procedure was unable to identify a MAM
with a significant predictive power for taxonomic distinctness. The single variable % tree cover, resulted
the best predictor of Δ+ (Table 3); however, the correlation resulted in being non-significant (r = 0.25,
P = 0.11, d.f. 1,38; see also Figure 3). Other models showed an even worst performance, independently
from the number of variables involved (Table 3), indicating, in turn, that the taxonomic distinctness of
the crustacean assemblages cannot be predicted by bioclimatic, landscape-scale factors.

Canonical analysis of principal coordinates (CAP), followed by a confirmatory PERMANOVA
test identified two main groups of waterbodies significantly different in terms of species composition
(Figure 4; Pseudo–F = 7.2, P(perm) = 0.001). The variables Isothermality, Mean Temperature of Wettest
Quarter, Annual Precipitation, and Precipitation of Coldest Quarter showed a correlation (r > 0.65)
with the canonical axis 1 (Figure 4) and significantly differed between the two groups of waterbodies
(PERMANOVA, Pseudo–F = 27.4, P(perm) = 0.001). A Simper procedure indicated that the variable
Mean Temperature of Wettest Quarter contributed by 32.2% to inter-group differences, followed by
Isothermality and Annual Precipitation (28.6 and 24.2%, respectively).
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Figure 4. Canonical analysis of principal components (CAP) analysis (m = 6, misclassification = 13%,
P = 0.0001) testing the differences in crustacean zooplankton assemblages across the 40 waterbodies
included in the study as affected by bioclimatic factors. Markers represent waterbodies labelled with the
respective code (Table 1); their color categorizes the two groups (i.e., red for group1 and blue for group2)
showing significant differences in species composition (post hoc PERMANOVA, P(perm) < 0.001).
Vector overlay are Spearman correlations of bioclimatic factors and species with canonical axes with
r > 0.55.

In group1, the Mean Temperature of Wettest Quarter was remarkably lower than that determined
for group2 (0.06 ± 0.69 vs. 8.44 ± 0.09 ◦C; t-test for separate variances: t = 9.41, P < 0.0001, 25.53 d.f.).
Similarly, Isothermality showed lower values in group1 (33.91± 0.23 vs. 38.42± 0.24, t= 9.19, P< 0.0001,
29.52 d.f.), while the Annual Precipitation showed an inverse pattern (1098 ± 10.42 vs. 1012 ± 1.71 mm,
t = −6.43, P < 0.001, 26.09 d.f.).

The analysis of the relationships between species occurrences and the canonical axis 1 (see Table A2
for Spearman correlations for the complete list of species) indicated that Eucyclops serrulatus, Chydorus
sphaericus, Mixodiaptomus tatricus, and Daphnia rosea in the first group were correlated mainly with
Precipitation. The occurrences of Neodiaptomus schmackeri, Diapahnosoma brachyurum, Cyclops scutifer,
Ergasilus sp, Bosmina longirostris, and, to a lesser extent, Mesocyclops leuckarti in the group2 were
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related with the variables Isothermality, Mean Temperature of Wettest Quarter, and Precipitation of
Coldest Quarter.

4. Discussion

The earth is undergoing an accelerated rate of native ecosystem conversion and degradation
and there is increased interest in measuring and modelling biodiversity while using landscape-scale,
remotely-sensed predictors. Here, we made an attempt towards this direction while using crustacean
zooplankton. This group of organisms, ubiquitous in lentic habitats, has been recently subjected
to renewed interest as an effective bio-indicator of the environmental status of ponds and small
lakes [62–65]. The heuristic procedure was used here to identify minimum adequate models predicting
the diversity the crustacean zooplankton assemblages across the 40 waterbodies under analysis
provided non-univocal results. On one hand, they showed that a subset of bioclimatic variables could
effectively predict the variation in species richness and composition across the different waterbodies.
On the other hand, they also indicated that the assemblages’ taxonomic distinctness Δ+ is unrelated
with landscape-scale environmental drivers.

Before discussing these results, it must be considered that the emphasis we put on landscape
and bioclimatic drivers of zooplankton diversity by no means imply that other chemical, physical,
and biotic characteristics of the waterbodies, such as nutrient concentration, pH, depth, predators,
aquatic vegetation, etc. are to be considered of secondary importance. A number of studies have
unequivocally indicated that they can directly affect zooplankton species richness ([66,67] and references
cited in the introduction; but see also further in this section). In addition, lake age [68,69], connectivity,
and, in general, the spatial arrangement of the habitat have been acknowledged to play an important
structuring role (e.g., [70]; see also [71] for a marine example). However, in the present study, a hierarchy
of effects at different spatial and environmental scales is implicitly assumed, with landscape and
bioclimatic drivers indirectly affecting the characteristics of the biota (including crustacean zooplankton)
by affecting the chemical and physical conditions of the waterbodies. Indeed, the limited extension of
the basins that were included in our study (Figure 1) actually implies for them a low thermal inertia,
and thus the ability to rapidly respond to the external climatic conditions [72]. An indirect support to
this view is also provided by the negligible predictive power of waterbodies’ area for assemblages’ S,
Δ+, and species composition, confirming the results of investigations performed on the benthic fauna
of high-altitude ponds [22].

The best MAM included as predictors the degree of non-arboreal vegetation cover of the land
areas neighboring the waterbodies, temperature seasonality, and mean temperature of the wettest
quarter. The positive influence of the non-arboreal vegetation cover on species richness is consistent
with the results of studies that were focused on macrobenthos in lotic habitats (e.g., [73] and literature
cited). This could be ascribed to a positive, indirect effect of lateral trophic enrichment on aquatic
primary producers, increasing zooplankton diversity by a phytoplankton-mediated bottom up effect
or, alternatively, promoting habitat heterogeneity through an increase in aquatic vegetation [66,74,75].

Noticeably, the two temperature variables had contrasting effects on species richness: the lowest
number of species was predicted to occur in waterbodies that were subjected to minimum temperature
variability during the year and to maximum temperatures during the wettest months, i.e., in winter.
The positive influence of temperature variability on patterns of species diversity has been acknowledged
for zooplankton and other freshwater invertebrates [76,77], and can generally be ascribed to an effect of
habitats environmental heterogeneity on empty niches availability, and, in turn, on species richness [78].
The negative influence of the mean temperature of the wettest quarter (MeanTwet) on species richness
can be explained while considering that the former scales negatively with the altitude of the water
bodies (r = −0.95, P < 0.001, 38 d.f.). Thus, MeanTwet maximum values were observed for basins
that were located at low altitudes, generally in highly anthropized areas. Accordingly, the lower
species richness characterizing these environments might be actually determined by the interplay
of a spectrum of anthropogenic perturbations, such as pollution, water caption, or introduction of
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predatory fish. Indeed, until 1990, the vast majority of low-altitudes waterbodies in Albania have been
stocked with both native and non-indigenous fish species [79], and fish predation has been repeatedly
recognized to influence the species richness of zooplankton in lentic habitats [80,81].

The “assemble first, predict later” modelling strategy that was used in the present study was
successful in predicting species richness and is generally acknowledged to have several advantages,
among others an enhanced capacity to synthesize complex data into a form more readily interpretable
by scientists and decision-makers [82]. However, it is apparent that it presents important limitations,
as testified by the failure in modeling taxonomic distinctness. Δ+ resulted in being not predictable,
confirming the results of several investigations that have found weak or negligible relationships
of the taxonomic distinctness of macrobenthic communities with environmental factors [27,83,84].
Species richness S and taxonomic distinctness Δ+ are not conceptually (or mechanistically) related,
and they behave differently [44]. The lack of congruence between S and Δ+ and the negligible
predictability of the latter is because S is likely to respond to short-term environmental changes
in the waterbodies under analysis, while Δ+ is a proxy for phylogenetic diversity, reflecting a
complex set of intrinsic and extrinsic traits and expressing evolutionary long-term adaptations to
local environmental conditions [85]. The canonical analysis of principal coordinates allowed for us
to partially overcome these limitations, applying an “assemble and predict together” strategy [82]
in order to model changes in the species composition of planktonic assemblages and provide an
advanced resolution of species-specific relationships with bioclimatic factors. The CAP analysis
(Figure 4) distinguished two distinct group of waterbodies, showing different climatic characteristics
in terms of isothermality, mean temperature of the wettest quarter, and annual precipitation. The first
(red circles in Figure 4) was mainly constituted by high-altitude ponds and lakes (elevation 1725.3
± 123.7 m, mean ± 1SE) distributed throughout the study area characterized by Crustacea species
(e.g., Eucyclops serrulatus, Mixodiaptomus tatricus) that are peculiar of pristine alpine environments [86].
The second group (blue circles in Figure 4) comprised low-altitude karst waterbodies that were located
in the Dumre area (Figure 1; elevation 239.9 ± 86.2 m, mean ± 1SE), where they are subjected to
several anthropogenic pressures, including agricultural and urban pollution, eutrophication, and the
introduction of non-indigenous fish species [87]. Accordingly, the group is characterized by the
occurrence of Neodiaptomus schmackeri, an Australasian species of Chinese origin that was recently
introduced in Albanian lentic habitats through fish stocking [88] and the copepod Ergasilus sp., whose
adult females are ectoparasites of fish [89].

Regarding the three isolated waterbodies in Figure 4 (i.e., JAH, PIL, and RRE), they are artificial
reservoirs located at 1330, 701, and 280 m a.s.l., respectively, being heavily affected by cattle frequentation
(Belmonte, personal observation). Their isolation in the CAP diagram is due to the low species
richness (three species in all the waterbodies), that might be ascribed to cattle-induced eutrophication
conditions [90]. However, it is worth noting that copepods vary their body size (at the community
level and even for single species) inversely with the eutrophication level [91,92]. Thus, by using a
plankton net with a mesh size of 200 μm, we may have underestimated the smaller component of the
planktonic assemblages thus biasing the species count.

A final consideration deserves a brief mention. In this study, the spatial resolution of the
bioclimatic layers (approximately 0.64 km2) was lower than the area characterizing most of the ponds
and lakes included in the analysis (Figure 2). In other words, the bioclimate spatial grid “matched” the
dimensions of the waterbodies, the latter being completely included (and described in terms of climate
and vegetation cover) within the same grid cell. Additional studies including a wider size range
of waterbodies as well as bioclimatic layers resolved at different spatial resolutions are necessary to
provide a more complete picture of the actual relationships linking bioclimatic factors and the diversity
of lentic zooplankton at multiple regional and environmental scales.
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Appendix A

Table A1. List of the 25 bioclimatic variables used in the study. Layers coded MeanT- PrecColdQ
were obtained from the Wordclim v2 dataset [41] available at http://www.worldclim.org/, and refer to
average monthly climate data relative to the period 1970-2000 with a 30 arc-second spatial resolution
(approx. 0.92× 0.70 km within the study area). The vegetation layers %tr and %nontr (% tree cover
and % non-tree cover) were extracted from the MODIS Vegetation Continuous Field (VCF) product
(https://lpdaac.usgs.gov/products/mod44bv006/; [93]). In the table, a third VCF variable—% bare
soil (%bare, in italics)—is included, as it was used together with variables %tr and %nontr only for
the estimation of habitat heterogeneity (see text for further details). The R packages raster, rgdal,
and maptools were used for the manipulation of bioclimatic layers [94–96].

ID# Environmental Layer Code

1 Annual Mean Temperature MeanT
2 Mean Diurnal Range MeanDrange
3 Isothermality Iso
4 Temperature Seasonality TempSea
5 Max Temperature of Warmest Month MaxTwarm
6 Min Temperature of Coldest Month MinTcold
7 Temperature Annual Range TempArange
8 Mean Temperature of Wettest Quarter MeanTwet
9 Mean Temperature of Driest Quarter MeanTdry

10 Mean Temperature of Warmest Quarter MeanTwarm
11 Mean Temperature of Coldest Quarter MeanTcold
12 Annual Precipitation Prec
13 Precipitation of Wettest Month PrecWetM
14 Precipitation of Driest Month PrecDryM
15 Precipitation Seasonality PrecSea
16 Precipitation of Wettest Quarter PrecWetQ
17 Precipitation of Driest Quarter PrecDryQ
18 Precipitation of Warmest Quarter PrecWarmQ
19 Precipitation of Coldest Quarter PrecColdQ
20 Percent tree cover %tr
21 Percent non-tree cover %nontr

Percent bare soil %bare
22 Perimeter PER
23 Surface SUR
24 Altitude ELE
25 Habitat heterogeneity H
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Table A2. List of the 79 crustacean species sampled in the 40 waterbodies under analysis. Linnaean
classification of species using eight taxonomic levels (i.e., class, subclass, order, suborder, infraorder,
family, genus and species) and the total number of occurrences are included.

Taxon Occurrences

Branchiopoda

Phyllopoda

Diplostraca
Cladocera

Anomopoda
Bosminidae

Bosmina longirostris 16
Chydoridae

Alona quadrangularis 8
Alona rustica 4

Alonella pulchella 1
Alonella sp 1

Biapertura affinis 3
Chydorus piger 2

Chydorus sp2 1
Chydorus sphaericus 15

Coronatella rectangula 1
Disparalona leei 1

Disparalona rostrata 3
Eurycercus sp 2
Paralona pigra 1
Pleuroxus sp2 4

Pleuroxus truncatus 2
Daphniidae

Ceriodaphnia pulchella 1
Ceriodaphnia quadrangula 2

Ceriodaphnia reticulata 2
Ceriodaphnia setosa 1

Daphnia cucullata 2
Daphnia curvirostris 2

Daphnia dentifera 1
Daphnia galeata 1
Daphnia hyalina 8

Daphnia longispina 13
Daphnia pulex 2
Daphnia rosea 5

Daphnia sp 1
Scapholeberis kingii 1

Simocephalus serrulatus 1
Simocephalus vetulus 2

Ilyocryptidae

Ilyocryptus sp 2
Macrothricidae

Macrothrix sp 2
Moinidae

Moina affinis 1
Moina brachiata 3

Moina macrocopa 2
Moina micrura 3

Ctenopoda 15
Sididae

Diaphanosoma brachyurum 12
Diaphanosoma lacustris 3
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Table A2. Cont.

Taxon Occurrences

Haplopoda 3
Leptodoridae

Leptodora kindtii 3
Hexanauplia

Copepoda

Neocopepoda
Gymnoplea

Calanoida
Diaptomidae

Arctodiaptomus salinus 4
Eudiaptomus gracilioides 1

Eudiaptomus vulgaris vulgaris 4
Eudiaptomus zachariasi 2

Mixodiaptomus sp2 2
Mixodiaptomus tatricus 12

Neodiaptomus schmackeri 7
Podoplea

Cyclopoida
Cyclopidae

Acanthocyclops capillaris 4
Acanthocyclops sp. small 3

Acanthocyclops trajani 1
Acanthocyclops vernalis 4

Cyclops abyssorum 1
Cyclops bohater 1

Cyclops ricae 1
Cyclops scutifer 7

Cyclops sp8 1
Cyclops strenuous 4

Cyclops vicinus 1
Diacyclops bicuspidatus 5
Diacyclops languidoides 1

Eucyclops serrulatus 8
Halicyclops sp 1

Macrocyclops distinctus 2
Macrocyclops fuscus 2

Megacyclops brachypus 1
Mesocyclops gracilis 1

Mesocyclops leuckarti 12
Mesocyclops sp3 2

Metacyclops stammeri 2
Microcyclops sp 4

Paracyclops affinis 2
Paracyclops cf. ectocyclops 1

Paracyclops fimbriatus 3
Paracyclops sp. small 3

Thermocyclops sp 1
Tropocyclops sp 4

Lernaeidae

Lernaea sp 2
Poecilostomatoida 7

Ergasilidae

Ergasilus sp 7
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Table A3. The nine bioclimatic variables characterized by a VIF factor < 10 used for MAM analysis.
For predictor abbreviations see Table A1. Iso and TempSea are expressed in dimensionless units,
MeanTwet in ◦C, Prec and PrecColdQ in mm, %tr and %nontr in percent, SUR in ha, ELE in m, and H
(referring to habitat heterogeneity estimated by the Shannon’s diversity index, see text) in dimensionless
units. For each variable, the among-location coefficient of variation CV and the VIF value are included.

Waterbody Iso TempSea MeanTwet Prec PrecColdQ %tr %nontr SUR H

BEL 38.82 685.85 8.62 1023 334 1 20 25.82 0.241
BIC 39.19 668.66 8.5 1023 336 7.32 72.94 3.31 0.322
DEG 38.51 669.75 8.9 1001 331 70 20 33.07 0.348
DOR 38.66 685.47 8.68 1013 333 4.51 59.3 10.85 0.355
GJE 38.83 681.62 8.62 1018 333 6.96 65.85 2.57 0.354

GRA 35.08 621.71 −3.1 1071 323 5.36 69.24 0.69 0.33
JAH 32.83 632.66 6.77 1247 475 9.64 58.52 0.21 0.392
KAT 39.35 668.39 8.48 1022 334 9.73 67.54 2.92 0.36
KOM 39.22 672.28 8.5 1019 332 3.46 68.54 1.77 0.318
KOR 1 34.34 660.73 −2.73 1077 305 9.62 74.95 0.28 0.317
KOR 2 34.34 660.73 −2.73 1077 305 9.28 73.14 0.26 0.328

KOR BL 36.85 689.46 −1.1 1069 315 45.29 36.44 0.25 0.45
KUQ 38.51 678.82 8.78 1008 331 8.21 72.68 6.53 0.327
MER 38.76 685.2 8.77 1008 333 2 50 59.9 0.337
MIL 39.19 668.66 8.5 1023 336 10.75 66.78 5.85 0.367
PER 38.71 667.18 9.03 1001 334 9 42 26.08 0.404
PIL 35.16 621.14 8.93 1281 510 8.46 70.5 0.44 0.34

PRO 1 33.33 631.13 3.73 1098 343 3.46 57.38 0.0091 0.348
PRO 2 32.91 635.5 3.83 1089 336 19.42 55.96 0.0148 0.429
RRE 29.43 609.67 4.82 1116 349 5.39 52.62 0.0136 0.373
SEF 38.84 682.17 8.65 1013 333 5 35 85.87 0.358

SHB 1 34.7 650.77 −1.27 1091 322 11.2 71.83 0.38 0.34
SHB 2 33.75 629.99 −2.13 1121 323 10.7 71.3 1.44 0.343

SHB 3a 33.53 623.2 −2.42 1126 325 9.06 68.15 1.53 0.354
SHB 3b 33.53 623.2 −2.42 1126 325 10.66 67.87 1.17 0.361
SHB1s 34.11 630.07 −1.98 1114 323 11.2 71.83 0.0145 0.34
SHL 36.98 669.26 7.45 989 277 30 50 14.96 0.447

SHR 2 32.68 643.99 −4.73 1077 283 4.85 80.93 1.35 0.259
SHR 3 33.4 666.58 −0.53 1056 277 7.26 78.48 6.02 0.286
SHR 5 32.2 615.66 −5.32 1107 290 3.96 72.99 0.45 0.302
SHR 6 33.23 631.91 −4.05 1057 275 8.53 79.14 1.74 0.284

SHR BL 32.48 635.84 −4.7 1083 282 5.43 79.98 3.26 0.268
ULC 39.35 668.39 8.48 1022 334 8.29 63.82 6.46 0.369

VAL 1 35.34 615.94 1.23 1099 324 6.96 73.44 0.72 0.318
VAL 3 35.12 613.86 −2.25 1108 328 6.32 69.34 0.38 0.335
VAL 4 35.12 614.42 −2.03 1108 327 8.09 65.35 2.38 0.362

VAL BL 35.66 636.2 3.47 1066 298 14.58 68.43 2.43 0.365
VAL BP 35.54 617.85 1.35 1103 326 9.2 75.11 1.61 0.315
VAL D 33.4 671.99 6.63 999 311 27.69 45.71 34.74 0.463

ZVE 33.16 583.76 11 903 356 10 30 0.29 0.39
CV 7.47 4.24 167.34 6.31 13.12 108.96 25.83 202.81 13.92
VIF 2.62 1.84 6.75 5.15 6.17 1.91 2.01 4.72 1.81
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Table A4. Spearman rank correlation coefficients of crustacean zooplankton species with the six axes
(CAP1- CAP6) extracted by canonical analysis of principal coordinates. Coefficients > 0.55 (in absolute
terms) are in bold.

Taxon CAP1 CAP2 CAP3 CAP4 CAP5 CAP6

Acanthocyclops capillaris 0.36 0.31 −0.1 −0.01 −0.27 −0.28
Acanthocyclops sp. small −0.37 0 0.03 −0.25 0 0

Acanthocyclops trajani −0.22 0.19 −0.17 −0.24 −0.03 −0.03
Acanthocyclops vernalis 0.36 −0.06 0.08 −0.13 0.08 0.34
Alona quadrangularis −0.29 0.4 −0.23 −0.37 0.19 −0.02

Alona rustica −0.03 −0.16 −0.29 0.47 −0.12 0.38
Alonella pulchella 0.08 −0.27 −0.1 0.22 0.01 0.24

Alonella sp −0.15 0.16 −0.13 −0.09 0.03 0.16
Arctodiaptomus salinus 0.43 0.32 −0.19 −0.03 −0.25 0.03

Biapertura affinis −0.23 −0.08 −0.11 −0.04 −0.03 0.03
Bosmina longirostris 0.78 −0.27 0.08 −0.18 0.17 0

Ceriodaphnia pulchella 0.16 0.22 −0.09 −0.01 −0.09 0.13
Ceriodaphnia quadrangula 0.26 0.21 0.11 0.12 −0.29 −0.17

Ceriodaphnia reticulata −0.17 0.16 0.29 −0.13 −0.28 0.14
Ceriodaphnia setosa 0.16 0.22 −0.09 −0.01 −0.09 0.13
Ceriodaphnia sp3 0.17 −0.22 0.19 0.02 0.1 −0.24
Chydorus piger −0.04 0.03 0.18 0.36 0.08 −0.02
Chydorus sp2 −0.09 0.15 0.08 0.19 0.22 0.23

Chydorus sphaericus −0.75 −0.14 −0.44 −0.34 −0.23 −0.2
Coronatella rectangula −0.23 −0.02 0.22 −0.13 −0.05 −0.16

Cyclops abyssorum 0.01 −0.08 −0.26 0.27 −0.2 0.19
Cyclops bohater −0.08 0.09 0.23 0.24 0.24 0.03

Cyclops ricae 0.23 0.06 0.05 0.12 −0.19 −0.26
Cyclops scutifer 0.57 −0.17 0.09 −0.12 0.11 −0.24

Cyclops sp8 −0.12 0.13 0.16 0.15 0.2 −0.08
Cyclops strenuous 0.45 0.15 −0.01 −0.03 −0.17 −0.38

Cyclops vicinus 0.15 0.12 0.03 −0.22 0.09 0.01
Daphnia cucullata 0.16 0.24 −0.09 −0.09 −0.27 0.12

Daphnia curvirostris −0.04 0.03 0.18 0.36 0.08 −0.02
Daphnia dentifera −0.15 0.16 −0.13 −0.09 0.03 0.16
Daphnia galeata 0.16 0.22 −0.09 −0.01 −0.09 0.13
Daphnia hyalina −0.3 0.03 −0.39 0.44 −0.19 0.01

Daphnia longispina −0.24 0.05 0.13 0.65 0 −0.35
Daphnia pulex 0.01 0.13 0.38 −0.02 −0.38 0.24
Daphnia rosea −0.52 −0.23 −0.13 −0.54 0.08 −0.11

Diacyclops bicuspidatus −0.13 0.21 0.46 −0.14 −0.43 0.13
Diacyclops languidoides −0.12 0.13 0.16 0.15 0.2 −0.08

Diaphanosoma brachyurum 0.63 −0.17 0.21 −0.28 0.1 0.36
Diaphanosoma lacustris 0.22 0.27 −0.05 −0.2 −0.17 0.1

Disparalona leei 0.19 −0.2 0.06 −0.16 0.15 0.26
Disparalona rostrata −0.37 −0.14 0.03 −0.17 0.16 −0.08

Ergasilus sp 0.65 −0.2 0.03 −0.07 −0.01 −0.2
Eucyclops serrulatus −0.56 −0.03 0.03 −0.3 0.25 −0.15
Eudiaptomus gracilis 0.08 −0.27 −0.1 0.22 0.01 0.24

Eudiaptomus vulgaris vulgaris 0.4 −0.22 0.29 0.16 0.01 −0.52
Eudiaptomus zachariasi −0.25 0.15 0 −0.2 −0.06 0.17

Eurycercus sp 0.29 −0.33 0.05 −0.22 0.19 0.33
Halicyclops sp −0.2 0.05 0.13 −0.19 −0.12 0.08
Ilyocryptus sp −0.05 −0.03 −0.27 −0.01 −0.19 0.01

Leptodora kindtii 0.15 −0.18 −0.04 −0.23 0.18 0.37
Lernaea sp 0.34 −0.14 −0.05 −0.14 0.13 0.2
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Table A4. Cont.

Taxon CAP1 CAP2 CAP3 CAP4 CAP5 CAP6

Macrocyclops distinctus −0.25 0.15 0 −0.2 −0.06 0.17
Macrocyclops fuscus −0.22 −0.04 −0.2 −0.02 −0.15 −0.09

Macrothrix sp −0.36 −0.27 −0.08 −0.31 0.05 −0.04
Mesocyclops gracilis 0.09 0.1 −0.23 −0.17 −0.16 0.15

Mesocyclops leuckarti 0.39 0.39 −0.52 0.26 −0.52 0
Mesocyclops sp3 −0.2 −0.06 0.01 0.1 0.05 0.2

Metacyclops stammeri 0.04 −0.06 0.25 0.12 0.22 −0.23
Microcyclops sp 0.03 −0.26 −0.32 0.51 −0.3 0.22

Mixodiaptomus sp2 −0.2 0.02 −0.02 0.15 0.03 −0.26
Mixodiaptomus tatricus −0.55 −0.16 −0.35 0.17 −0.17 −0.09

Moina affinis −0.19 −0.23 −0.06 −0.05 −0.15 0.05
Moina brachiata 0.29 −0.05 0.11 0.26 −0.23 −0.35

Moina macrocopa 0.01 0.13 0.38 −0.02 −0.38 0.24
Moina micrura 0.17 −0.02 0.28 0.01 0.41 0.25

Neodiaptomus schmackeri 0.56 −0.09 −0.17 −0.37 0.08 0.28
Paracyclops affinis −0.25 0.15 0 −0.2 −0.06 0.17

Paracyclops cf. ectocyclops −0.17 0.03 −0.01 0.08 0.06 −0.19
Paracyclops fimbriatus −0.17 0.22 0.28 0.34 0.39 0.11
Paracyclops sp. small −0.39 −0.23 0.07 −0.23 −0.1 −0.07

Paralona pigra 0.16 0.22 −0.09 −0.01 −0.09 0.13
Pleuroxus sp2 −0.22 0.14 −0.09 0.09 −0.04 0.34

Pleuroxus truncatus −0.12 −0.29 −0.1 0.01 0.02 0.17
Scapholeberis kingii −0.2 0.05 0.13 −0.19 −0.12 0.08

Simocephalus serrulatus −0.18 −0.14 0.1 −0.08 0.2 −0.16
Simocephalus vetulus −0.1 0.06 −0.28 0.13 −0.12 0.25

Thermocyclops sp 0.12 −0.2 0.26 0.08 0.26 −0.33
Tropocyclops sp −0.08 0.39 0.26 0.35 0.47 0.17
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Abstract: The mesozooplankton composition and dynamics in coastal lagoons of Maryland,
mid-Atlantic region, USA have received little scientific attention despite the fact that the lagoons
have undergone changes in water quality in the past two decades. We compared mesozooplankton
abundance and community structure among sites and seasons, and between 2012, a year of higher
than average salinity (33.4), and 2013 with lower than average salinity (26.6). It was observed that
the composition, diversity, and abundance of mesozooplankton in 2012 differed from those of 2013.
Barnacle nauplii were abundant in 2012 contributing 31% of the non-copepod mesozooplankton
abundance, whereas hydromedusae were more dominant in 2013 and contributed up to 83% of
non-copepod zooplankton abundance. Gastropod veliger larvae were more abundant in 2013 than in
2012 while larvae of bivalves, polychaetes, and decapods, in addition to cladocerans and ostracods
had higher abundances in 2012. The abundance and diversity of mesozooplankton were explained
by variations in environmental factors particularly salinity, and by the abundance of predators such
as bay anchovy (Anchoa mitchelli). Diversity was higher in spring and summer 2012 (dry year) than in
2013 (wet year). The reduction of salinity in fall 2012, due to high freshwater discharge associated
with Hurricane Sandy, was accompanied by a decrease in mesozooplankton diversity. Spatially,
diversity was higher at sites with high salinity near the Ocean City Inlet than at sites near the mouth
of tributaries with lower salinity, higher nutrient levels and higher phytoplankton biomass. Perhaps,
the relatively low salinity and high temperature in 2013 resulted in an increase in the abundance of
hydromedusae, which through predation contributed to the reduction in the abundance of bivalve
larvae and other taxa.

Keywords: mesozooplankton; salinity; abundance; distribution; diversity; Maryland Coastal Bays

1. Introduction

Planktonic organisms ranging in size 0.2–20 mm are referred to as mesozooplankton [1]; examples
are copepods, decapod zoea, rotifers, gastropod veliger, barnacle nauplii, larvaceans, cladocerans
and bivalve larvae. Mesozooplankton are major grazers of primary producers, and important
predators of microzooplankton, including ciliates, thereby acting as a pathway for transfer of
materials and energy from microbial food web to higher trophic levels [2,3]. Copepods are the
most abundant of, and contribute the most biomass to, the mesozooplankton group in marine and
estuarine zooplankton [4].

Although non-copepods do not constitute the bulk of mesozooplankton in United States
mid-Atlantic estuaries, they occasionally become abundant [5–7] and play an important role in
the diet of zooplanktivores [8,9]. Mesozooplankton composition, abundance and diversity in estuaries
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and coastal lagoons vary seasonally, spatially and between years in response to abiotic and biotic
factors [10–16], and have been well documented in large river-dominated estuaries of the mid-Atlantic
such as the Chesapeake Bay [12,17] and Delaware Bay [18,19]. Nevertheless, we know little about
mesozooplankton composition and dynamics in Maryland Coastal Bays (MCBs), which are poorly
flushed, eutrophic, largely polyhaline lagoonal systems that receive relatively small amount of
freshwater directly from tributary rivers and creeks. Because of differences in the hydrography,
the composition, abundance and distribution of mesozooplankton in MCBs may be different than
those of river-dominated estuaries, and are expected to vary between years due to variations in
climatic factors.

The coastal bays support commercially and recreationally important species of shellfish such as
blue crabs (Callinectes sapidus) and hard clams (Mercenaria mercenaria) which rely on the successful
recruitment of their meroplanktonic larvae to sustain the adult populations. The blue crab is the
most abundant shellfish in the MCBs and requires high salinity waters for spawning and larval
development [20,21]. In the Chesapeake Bay, C. sapidus spawn near the mouth of the estuary, or in the
nearby coastal ocean [6,22]. The larvae (zoeae) are then transported into adjacent coastal waters on the
continental shelf [23–25] where they develop through seven or eight zoeal stages before subsequently
returning as post-larvae and juveniles to the estuary [25], while the adults remain resident in the
system. Due to the high salinity (>26) levels in a large portion of the MCBs, it has been hypothesized
that resident adult populations of the C. sapidus spawn in the high saline waters of the coastal bays
and the larvae complete their development within the Bays [26]. In the 2014 updated Coastal Bays
Blue Crab Fishery Management Plan Implementation document, the need for studies to determine the
“level of localized reproduction and entrapment of larvae” of blue crabs in the MCBs was emphasized.

Furthermore, salinity in the MCBs increased after the opening of the Ocean City Inlet in 1933,
which favored the development of hard clams (M. mercenaria) and, by the 1960s, the fishery superseded
the commercial landings and value of oysters in the bay [27]. The population of hard clams is currently
dominated by large and older adults; the recruitment is low and intermittent except in areas close to
the Ocean City Inlet, and densities are lower than historical levels [27] although increasing. Efforts to
restore the population including stoppage of the hydraulic clam dredging activities have not resulted
in significant increases in clam density, the cause of which is unknown, although intense predation
by species such as blue crab, and the frequent occurrence of brown tide, Aureococcus anophagefferens,
blooms that negatively impact bivalve larvae have been speculated to be the cause [27]. Information
on the distribution and abundance of bivalve larvae, and the environmental factors influencing
their abundance would be useful for designing effective management strategies to enhance bivalve
populations in the MCBs.

Within the embayments in the MCBs, nutrient levels, phytoplankton biomass and fish abundance
vary spatially, seasonally and inter-annually [28–30], which in addition to variations in the abundance
of gelatinous zooplankton predators can influence the distribution and abundance of mesozooplankton.
For example, mortality of bivalve larvae due to predation by gelatinous zooplankton can potentially
slow recovery of hard clams despite the implementation of effective management plans [31,32].

The objectives of the study were:

1. To compare mesozooplankton, particularly non-copepod taxa, abundance and community
structure among the MCBs embayments;

2. To determine seasonal patterns in mesozooplankton abundance and community structure;
3. To compare mesozooplankton composition, abundance and diversity between relatively dry

(2012) and wet (2013) years;
4. To assess the relationships between mesozooplankton taxa abundance and abiotic and biotic

factors; and
5. To use information on decapod larval occurrence to determine whether blue crabs spawn within

the MCBs.
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The study addressed the following questions: Are mesozooplankton abundance and diversity
higher at sites closer to the Ocean City Inlet with higher salinity, than at sites farther from the Inlet with
lower salinity? Are mesozooplankton abundance and diversity higher in spring and summer 2012,
a year with relatively higher salinity and lower temperature, than in 2013 when salinity was lower,
and temperature higher? Do blue crabs spawn within the MCBs?

2. Materials and Methods

2.1. Study Area

The MCBs located in the Mid-Atlantic region on the east coast of the United States is separated
from the Atlantic Ocean by barrier islands. This lagoonal system consists of five embayments (Figure 1)
that are well mixed mostly by wave and tidal actions that facilitate the exchange of water and materials
between the MCBs and the nearby coastal ocean [29,33]. The system, however, is poorly flushed, has
low freshwater input from groundwater, rivers and tributaries, and therefore high salinity that is close
to that of the ocean except in upstream areas of rivers and creeks [28,29]. The MCBs are relatively
shallow (average depth about 1.2 m) with a maximum depth of 9.3 m at the Ocean City Inlet [29]. Some
characteristics of the northern bays watershed include low forest covers, non-point sources of pollution,
dead-end canals, high stream nitrate, and nutrients from agricultural activities and development [34].
Increased nutrient input has resulted in eutrophic conditions in the northern bays and tributaries,
although a similar condition exists in the Newport Bay located in the southern MCBs.

Figure 1. Map of the study area showing sampling locations within the Maryland Coastal Bays.
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2.2. Sample Collection

Water quality parameters such as temperature, salinity, dissolved oxygen (DO) concentration,
and pH were measured in situ using YSI 6600 sonde. Zooplankton samples were collected monthly
from February 2012 to December 2013 from 13 sites (Figure 1). Sites 1–5 are located in Chincoteague
Bay (CB), Site 6 in Newport Bay (NB), Sites 7 and 8 in Sinepuxent Bay (SB), Site 9 in Isle of Wight
Bay (IWB), Site 10 at the mouth of St. Martin River (SMR) and Sites 11–13 in Assawoman Bay (AB).
Zooplankton sampling was conducted using a plankton net, with 60-cm diameter mouth opening,
240-cm-long conical section, a mesh size of 200 μm, and a cod-end made of PVC with a volume of
1000 mL and diameter of 11 cm. Because of the shallow nature of the lagoons (average depth < 2 m),
the net was towed horizontally in the upper meter of the water column similar to how zooplankton
samples were collected in the shallow Barnegat Bay, NJ [35]. Sampling was for a duration of 2 min.
The mouth opening of the net was equipped with a General Oceanic flow meter (Model 2030R) attached
to the frame to measure the volume of water filtered by the net. Zooplankton samples were preserved
in 5% buffered formalin solution immediately after collection. Biovolumes of gelatinous zooplankton
(Mnemiopsis leidyi) were determined with a measuring cylinder.

Preserved plankton samples were processed in the lab using a dissecting microscope. A Folsom
splitter was used to split samples when necessary. Samples were diluted to a known volume,
and a minimum of 5 mL subsample was extracted with a Stemple pipette and 200–500 zooplankton
individuals were counted. Cladocerans and crab zoeae were identified to species level when possible
using a compound microscope and by reference to various publications [1,36,37]. Data on bay anchovy
(Anchoa mitchelli) catch per unit effort (CPUE) were obtained from the Maryland Department of Natural
Resources (MD DNR). Water samples for analyses of chlorophyll a and 19’-Butanoyloxy-Fucoxanthin
(But-fuco), a diagnostic pigment for pelagophytes such as the Brown tide, Aureococcus anophagefferens,
were collected from 0.5 m below the surface using a peristaltic pump, and placed in 2-L acid-rinsed
polyethylene amber bottles. The samples were kept in ice until arrival at the lab. Water samples
were then filtered using a Whatman GF/F 47 mm filter (GE Healthcare, Fisher Scientific, Hanover
Park, IL, USA) and a vacuum pump for 1–4 min. A minimum of 1 L by volume of water was filtered
except in situations when the filter was clogged. Chlorophyll a and 19’-Butanoyloxy-Fucoxanthin
(But-fuco) concentrations were determined, as part of the integrated monitoring of the MCBs, using
a High Performance Liquid Chromatography [38]. Freshwater discharge data for Birch branch at
Showell, Maryland, USA were downloaded from the United States Geological Survey (USGS) website
(http://waterdata.usgs.gov/nwis/monthly).

2.3. Data Analyses

The Mann–Whitney U test was used to compare mean abundance of mesozooplankton between
years for each season. One-way ANOVA was used to compare differences in mean abundance of
mesozooplankton among sites and embayments after log(x+1) transformation of data. The relationships
between non-copepod taxa distribution and environmental factors were examined by canonical
correspondence analysis (CCA), using CANOCO version 4.5 (Microcomputer Power, Ithaca, New
York, USA.) [39]. Non-copepod mesozooplankton abundance was log(x+1) transformed; rare species
were down-weighted when necessary and environmental data were standardized. Non-copepod
mesozooplankton abundance matrices included only taxa that appeared in >10% of the sampling
sites, representing >1% in 2012 and >0.1% in 2013 of the non-copepod community. Shannon diversity
index [40] was computed using PRIMER 6 (PRIMER-e, Auckland, North Island, New Zealand. [41].
Spearman’s rank correlation was applied to identify the environmental factors (water quality variables
and biota) that were associated with diversity.
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3. Results

3.1. Environmental Factors

Mean monthly water temperature in 2012 varied from 5◦C in February to 25◦C in July and then
decreased to about 5 ◦C in December (Figure 2a). In 2013, mean temperature was 30.7 ◦C in July
and 7 ◦C in December. Water temperature was on average lower in 2012 than in 2013. Lower water
temperatures were observed at sites close to the inlets, while St. Martin River had the highest mean
water temperature (Table 1).

Figure 2. Seasonal patterns of environmental variables expressed as mean values ± SE: (a) Temperature
(◦C); (b) salinity; (c) Freshwater discharge (m3 s−1); (d) dissolved oxygen (mg L−1); (e) Chlorophyll-α
(μg L−1); and (f) pH.

Mean monthly salinity was higher in 2012 (33.4) than in 2013 (26.6) during the period of March
to August, but the reverse occurred from September to November (Figure 2b). This salinity pattern
reflected the pattern of freshwater discharge by Birch Branch at Showell, MD (Figure 2c). From January
to July, Birch Branch mean discharge was higher in 2013 (0.45 m3 s−1) than in 2012 (0.11 m3 s−1), and the
reverse was the case from August to November (Figure 2c). Discharge was highest in October 2012,
the month that Hurricane Sandy occurred in the area. Mean monthly salinity was between 23.6 and
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34.7. Newport Bay had the lowest mean salinity level and Sinepuxent Bay had the highest salinity
(Table 1). Salinity was also lower at sites in St. Martin River and Assawoman Bay relative to sites in
Chincoteague and Isle of Wight Bays.

Monthly dissolved oxygen (DO) levels on the average were high in fall and winter, but relatively
lower in spring and summer, although dissolved oxygen levels were > 4.6 mg L−1 at all sites throughout
the duration of this study (Figure 2d). The lowest DO level was recorded in July (4.6 mg L−1), and the
highest in March (12.7 mg L−1).

The seasonal patterns of chlorophyll a concentrations are similar in 2012 and 2013. Monthly levels
of chlorophyll a averaged between 0.2 and 3.4 μg L−1 (Figure 2e). Chlorophyll a levels were relatively
high in winter but decreased in spring, particularly in April. Chlorophyll a peaked in summer (July) in
both years. Site 6 (Newport Bay) had the highest mean level of chlorophyll a in the MCBs during this
study (Table 1). Monthly mean pH levels in the MCBs ranged from 7.8 to 8.2 and did not vary much
within the system (Figure 2f).

Table 1. Mean physico-chemical and biotic factors measured at sampling stations within embayments
of the Maryland Coastal Bays. Embayment codes are: CB, Chincoteague Bay; NB, Newport Bay; SB,
Sinepuxent Bay; IWB, Isle of Wight Bay; SMR, St. Martin River; AB, Assawoman Bay. Temp, temperature;
Sal, salinity; Chl a, chlorophyll a; But-Fuco, 19’-Butanoyloxy-Fucoxanthin; Cteno, Ctenophores; CPUE,
Catch Per Unit Effort.

2012

Bay Site
Temp
(◦C)

Sal DO (mg L−1) pH Chl a (μg L1)
But-Fuco
(μg L−1)

Cteno (mL L−3)
Bay

Anchovy
(CPUE)

CB 1–5 14.7 31.49 8.85 8.0 1.22 0.08 7.6 90
NB 6 14.7 27.07 8.68 7.9 3.93 0.18 5.2 137
SB 7–8 14.1 33.10 7.88 7.9 1.09 0.02 1.0 6

IWB 9 15.3 32.91 8.08 7.9 1.31 0.01 1.5 14
SMR 10 15.5 29.94 8.42 7.9 2.42 0.04 15.1 213
AB 11–13 14.7 29.60 8.57 7.9 1.55 0.00 13.2 103

2013

Bay Site
Temp
(◦C)

Sal DO (mg L−1) pH Chl a (μg L−1)
But-Fuco
(μg L−1)

Cteno (mL L−3)
Bay

anchovy
(CPUE)

CB 1–5 17.6 29.82 8.57 8.0 1.09 0.01 9.4 59
NB 6 18.4 25.14 8.19 7.9 4.60 0.00 30.9 93
SB 7–8 17.9 29.88 7.82 7.9 1.52 0.01 8.0 25

IWB 9 17.2 28.43 8.42 8.0 1.83 0.01 16.9 497
SMR 10 18.5 25.63 8.89 10.0 4.44 0.01 23.5 152
AB 11–13 18.0 24.95 8.62 8.0 3.05 0.01 22.3 124

3.2. Temporal Pattern of Mesozooplankton Abundance

Mesozooplankton abundance expressed as individuals m−3 (ind. m−3) varied from 5 ind. m−3

(Site 12) in May 2012 to 410,509 ind. m−3 (Site 8) in September 2013. The average monthly abundance
was high (24,543 ind. m−3) in February, but peaked in early March (36,878 ind. m−3) during winter of
2012; it declined to a relatively low level in spring and then gradually increased from summer through
fall (Figure 3). Relatively high abundance (30,032 ind. m−3) of mesozooplankton was observed in
December 2012. A gradual decline was also observed from winter 2013 through early spring. Densities
remained low (378 ind. m−3, May 2012) in spring and early summer, peaked (34,828 ind. m−3) in
September 2013 and then declined in fall.

Mesozooplankton abundance differed significantly between years (Table 2) in summer and fall
(p < 0.001), but not in winter and spring (p > 0.05). In fall, abundance was significantly higher in 2012
than 2013 (Mann–Whitney U = 261, T = 2040.0, p ≤ 0.001), but in summer, it was lower in 2012 than in
2013 (U = 392.0, T = 1909.0, p ≤ 0.001).
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Seasonal and spatial patterns of abundance of mesozooplankton are presented in Figure 4. For each
of the seasons examined, there were no significant differences among sites in mesozooplankton
abundance (ANOVA, p > 0.05) except in summer 2012 (ANOVA, p = 0.05) when the highest density
was recorded (Figure 4 and Table 3) at Site 7 (Tukey test, p < 0.05). When mesozooplankton abundance
was compared among bays, higher abundance was recorded in Sinepuxent Bay than in any other bay
in winter and summer 2012 (ANOVA, p < 0.05), as shown in Table 3.

Figure 3. Temporal pattern in the abundance (±SE) of mesozooplankton in the Maryland Coastal Bays.

Table 2. Seasonal average densities (ind. m−3) of mesozooplankton in the Maryland Coastal Bays.
Winter, January–March; spring, April–June; summer, July–September; fall, October–December.

Mean Density (SE)

Season 2012 2013 P-Value

Winter 30,710 (5759) 23,564 (3907) 0.870
Spring 4653 (1009) 6738 (2025) 0.337

Summer 8837 (3009) 12,109 (10,489) ≤0.001
Fall 17,368 (3364) 3,697 (634) ≤0.001

Table 3. One-way ANOVA result of analyses comparing mesozooplankton density among sampling
sites and embayments of the Maryland Coastal Bays in the different seasons in 2012 and 2013. d.f,
degree of freedom; Fs, F-value; P, probability value; * 0.05 > p > 0.01; n.s, p> 0.05. There were insufficient
data to perform ANOVA in winter 2012.

Year Season Sites Embayments

d.f F P d.f F P

2012

Winter 12 1.59 0.210 n.s 4 3.22 0.027 *
Spring 12 0.93 0.532 n.s 4 1.81 0.137 n.s

Summer 12 2.14 0.050 * 4 2.62 0.042 *
Fall 12 1.16 0.360 n.s 4 1.51 0.215 n.s

2013

Winter 12 - - 4 3.01 0.092 n.s
Spring 12 0.32 0.979 n.s 4 0.83 0.535 n.s

Summer 12 1.00 0.476 n.s 4 1.10 0.379 n.s
Fall 12 0.70 0.737 n.s 4 1.62 0.183 n.s
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Figure 4. Spatial patterns in the densities (+SE) of mesozooplankton in the Maryland Coastal Bays
in 2012 (year of below average freshwater discharge) and 2013 (year of above average freshwater
discharge): (a) winter; (b) spring; (c) summer; and (d) fall.

3.3. Community Composition, Relative Abundance and Distribution of Non-Copepod Mesozooplankton
in MCBs

Mesozooplankton community in the MCBs was represented by 14 major taxa dominated by
copepods, but only groups that are relatively abundant are presented in Figure 5. Non-copepods
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contributed about 5% of the total mesozooplankton abundance. A detailed description of copepod
species composition and abundance in the MCBs has been made [42].

Figure 5. Mesozooplankton community composition in the Maryland Coastal Bays based on samples
collected in 2012 and 2013.

The non-copepod community on the average was dominated by hydromedusae (3%), followed by
gastropod veliger (0.5%), and barnacle nauplii (0.5%) (Figure 5). Cladocerans (0.1%) and larval stages
of decapods (0.2%), polychaetes (0.2%), bivalves (0.1%), and fish (0.1%) were also relatively abundant
within the non-copepod community. Larvaceans, nematodes, amphipods, and isopods made up <1%
of the zooplankton community.

The percentage contribution of non-copepods to total zooplankton abundance was as high as
98% at Site 12 (AWB) in the summer when copepod relative abundance was low. Monthly averaged
contribution varied between 0–31.9% in 2012 and 0.4–76.5% in 2013 (Figure 6). Non-copepods were
most represented in May 2012 and June 2013.

Figure 6. Percentage contribution by number of non-copepod taxa to total mesozooplankton abundance
(+SE) in the Maryland Coastal Bays.

In 2012, barnacle nauplii were the most abundant non-copepods, with mean density of 810 ind.
m−3 in Newport Bay (Figure 7a,b). Annual peaks were observed in April 2012 (368 ind. m−3) and
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September 2013 (102 ind. m−3). The maximum barnacle nauplii density (4645 ind. m−3) was attained
in April 2012 in Newport Bay and mean abundance of barnacle nauplii was significantly higher in
Newport Bay than in other embayments (ANOVA, p = 0.02). Although, barnacle nauplii were absent
in fall 2012, they were present in all seasons in 2013 (Figure 8a–d). Maximum density in 2013 was
1119 ind. m−3 in September at Site 3 (Chincoteague Bay). Barnacle nauplii were more abundant in
spring and summer than in the fall and winter (ANOVA, p < 0.001).

Figure 7. Spatial distribution, abundance (a,c) and percentage composition (b,d) of non-copepod
mesozooplankton in the MCBs during 2012 (below average) and 2013 (above average) freshwater
discharge from winter to summer. CB, Chincoteague Bay; NB, Newport Bay; SB, Sinepuxent Bay; IWB,
Isle of Wight Bay; SMR, St. Martin River; AB, Assawoman Bay.
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Figure 8. Temporal patterns in abundance (a,c) and percent contribution (b,d) of non-copepod
mesozooplankton in the Maryland Coastal Bays during 2012 (year of below average freshwater
discharge from winter to summer) and 2013 (year of above average freshwater discharge from winter
to summer).

In 2013, hydromedusae were the most abundant non-copepod mesozooplankton (Figure 7c,d).
Mean densities as high as 1367 ind. m−3 and 5156 ind. m−3 were recorded in Assawoman Bay and
St. Martin River, respectively, in 2013. Hydromedusae were not observed at St. Martin River and
Newport Bay sites in 2012 and also were not observed in Sinepuxent Bay in 2013 (Figure 7b,d). They
were present from March to August in 2012 and from March to September in 2013, but were not found
in May 2013 (Figure 8a–d). Average hydromedusae abundance was less than 20 ind. m−3 each month
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and at all sampling sites in 2012. Monthly mean densities peaked in April, 2012 (16 ind. m−3) and in
March 2013 (5252 ind. m−3). The highest density recorded in 2013 (50,399 ind. m−3, March, Site 10)
was 298 times greater than the highest density (181 ind. m−3, March, Site 5) in 2012.

Gastropod larvae were intermittently present and their monthly mean density reached a peak in
May 2012 (158 no m−3, Figure 8a). A secondary peak (103 ind. m−3) occurred in July of the same year.
Mean density in 2013 peaked in June (721 ind. m−3). Gastropod larvae were abundant (107 ind. m−3)
in Sinepuxent Bay, but were not observed in Newport Bay in 2012 (Figure 7a–b). A maximum density
(1299 ind. m−3) of the larvae was observed in May 2012 at Site 7 (Sinepuxent). In 2013, maximum
density (1852 ind. m−3) occurred at Site 4 (Chincoteague Bay) in June. Gastropod larvae were least
abundant in Assawoman Bay (2 ind. m−3) in 2013.

Polychaete larvae occurred from February through August in 2012 and were most abundant
(266 ind. m−3) in March (Figure 8a). Mean polychaete larval densities never exceeded 10 ind. m−3 in
2013, occurred sporadically, and were most abundant in March (9 ind. m−3). Polychaete larvae were
more abundant in 2012 than 2013 (Mann–Whitney U-test, p = 0.0002). Peak numbers were 2384 ind.
m−3 in March 2012 at Site 10 located in St. Martin River and 60 ind. m−3 in March 2013 at Site 5 in
Chincoteague Bay (Figure 7a–d).

Bivalve larvae were present from February through August in 2012 (Figure 8a), but their occurrence
was irregular in 2013 (Figure 8c) with mean monthly densities < 5 ind. m−3. Bivalve larvae were better
represented in plankton samples from 2012 than 2013 (Mann–Whitney U-test, p = 0.001) and relatively
abundant in March during both years (Figure 7). Average density was 161 ind. m−3 in March 2012,
and 4 ind. m−3 in March 2013. Maximum densities of 1490 ind. m−3 at Site 10 (St. Martin River) in
2012 and 58 ind. m−3 at Site 8 (Sinepuxent Bay) in 2013 were recorded in March. Bivalve larvae were
only found in Sinepuxent Bay and Isle of Wight Bay (Site 9) in 2013, but their distribution in 2012 was
widespread except at Sites 3 and 6 where they were not observed. Densities did not differ significantly
amongst embayments (ANOVA, p = 0.12).

Cladocerans (Evadne nordmanni, E. spinifera, Pseudoevadne tergestina, Pleopis polyphemoides,
Podon intermedius) were most abundant in Sinepuxent and Isle of Wight Bays (ANOVA, p = 0.002)
during summer and were absent from Newport Bay (Figure 7b).

Decapod larvae (shrimps and crabs) were prevalent in Sinepuxent Bay where they occurred from
March through November in 2012 and 2013 (Figure 7; Figure 8). In July, they comprised 42% and 67%
of non-copepod zooplankton abundance, and 10% and 11% of total mesozooplankton abundance in
2012 and 2013, respectively. Larval stages of crabs Panopeus herbstii, Neopanope texana, Uca spp. and
Pinnixia spp. were observed in zooplankton samples collected in 2012. Zoeae of Callinectes sapidus,
Rhithropanopeus harrisii, Ovalipes ocellatus, Cancer irroratus, Emerita spp., Hemigrapus sp., Libinia dubia,
Ocydopode spp., Petrolisthes armatus, and Lepidopa websteri were also present.

Fish larvae were first observed in April 2012 (mean: 16 ind. m−3) when they were most abundant
(Figure 8). They were observed in December 2013 (0.1 ind. m−3), but mean densities were very low.
The highest density of fish larvae (202 ind. m−3) was observed at Site 6 in Newport Bay (April 2012).

Larvaceans occurred from April to June 2012 and in August 2013. Average densities ranged from
1 to 5 ind. m−3. The maximum density of larvaceans was 23 ind. m−3, at Site 8 (Sinepuxent Bay)
in August, 2013. Other non-copepods irregularly found in samples included amphipods, isopods,
nematodes, and ostracods.

3.4. Relationships Between Non-Copepod Mesozooplankton and Environmental Factors

In 2012 (Figure 9a), the first two CCA axes explained 47.1% of the cumulative percentage variance
of taxa-environment relationship and the correlations were 0.89 and 0.89 for the first and second axes,
respectively. The biplot in 2012 showed that the main variability (29.6% of variance) was due to the
positive association of larval shrimp and bivalves with salinity (p = 0.046). In contrast, barnacle nauplii
and ostracods were negatively related to salinity (p < 0.05). Gastropod and polychaete larvae showed
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a positive relationship with pH (p = 0.022), while crab zoeae, Evadne spp. and Pleopis sp. related
inversely to pH. Hydromedusae neither associated closely with salinity nor pH in 2012.

Figure 9. Results of CCA analysis showing environmental variables and taxa relationships in: 2012 (a);
and 2013 (b) in MCBs. BA, bay anchovy; DO, Dissolved oxygen; Sal, Salinity; Chl a, Chlorophyll a.

In 2013 (Figure 9b), the first two axes of the CCA explained 70% of the cumulative variation in
taxa-environment relationship, and the correlation was 0.98 for the first axis and 0.91 for the second
axis. The taxa-environment biplot (Figure 9b.) showed that the variability (63.7% of variance) was
accounted for by the positive association of gastropod veliger with salinity (p = 0.026), and inverse
relationship of hydromedusae to salinity (p < 0.05). Barnacle larvae were negatively aligned to Chl. a
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(p = 0.034); bay anchovy larvae were positively correlated to DO (p = 0.04), which was also plotted
inversely with cladocerans, decapod zoae and polychaete larvae. Temperature, pH, and ctenophores
correlated strongly with DO and were not selected by the model.

3.5. Mesozooplankton Diversity

The diversity of mesozooplankton varied temporally and spatially and was affected by salinity
such that diversity was higher at higher salinity than at lower salinity (Figure 10). The Shannon–Wiener
diversity index was high (≥2.5) in 2012 at all sites except at Site 6 (H′ = 2.2) in Newport Bay with the
lowest diversity (Figure 10). Diversity index value in Newport Bay (Site 6) in 2012 (H′ = 2.2) was
slightly lower than in 2013 (H′ = 2.3). On the average, diversity was significantly higher (t = 6.2;
p ≤ 0.001) in 2012 than in 2013. Sinepuxent Bay supported the highest diversity (H′ = 2.8 in 2012;
H′ = 2.6 in 2013) of mesozooplankton in both years. Diversity decreased from Sinepuxent Bay (Sites 7
and 8) close to the Ocean City Inlet to Assawoman Bay (Site 13) in the northern MCBs in both 2012 and
2013. Likewise, diversity in Chincoteague Bay decreased from Site 5 to Sites 1 and 2 in both years.

Figure 10. Spatial (top) and seasonal (bottom) patterns in Shannon–Wiener diversity index of
mesozooplankton in the MCBs in 2012 and 2013 from winter to summer.
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Diversity was higher in spring and summer (H′ > 2.4) than in fall (H′ < 1.9) of 2012. In 2013,
diversity in March and from September to December was higher (t = −2.3; p ≤ 0.06) than diversity
in 2012. Periods of maximum and minimum diversity index values were different in 2012 and 2013.
Mesozooplankton was most diverse in June (H′ = 2.9) and March (H′ = 2.5), but least diverse in October
(H′ = 1.4) and July (H′ = 1.8) in 2012 and 2013, respectively.

When examined spatially, diversity indices values in 2012 were significantly correlated negatively
with Chl. a (r = −0.7, p = 0.01) and positively with salinity (r = 0.7, p = 0.02), but not with But-fuco
(r = −0.5, p = 0.08). In 2013, diversity also correlated positively with salinity (r = 0.3, p < 0.050).
All other environmental factors were weakly correlated with mesozooplankton spatial diversity in
2013, and no significant relationship was observed (p > 0.05). With respect to monthly diversity, H′
was significantly correlated with ctenophores (r = 0.7, p = 0.02) in 2012, but not in 2013 (r = − 0.1,
p = 0.9). Other variables such as temperature (r = − 0.4, p = 0.2) and salinity (r = − 0.4, p = 0.3) showed
weak negative correlations with diversity in 2013.

4. Discussion

This is the first study to describe mesozooplankton assemblage dynamics in the MCBs.
The mesozooplankton composition, abundance and diversity varied spatially and temporally in
the MCBs, driven in part by fluctuations in environmental factors, particularly salinity. Lower
salinity due to increased freshwater input coupled with higher ambient temperature in 2013 (Figure 2)
relative to that of 2012, perhaps promoted high densities of hydromedusae in winter and early
spring. Gelatinous zooplankton can exert high predatory pressure on crustacean zooplankton species
as well as on gastropod veligers, barnacle nauplii, polychaete larvae, and ichthyoplankton (fish
larvae) [32,43–47]. The feeding rate of ctenophores, in particular, increases with water temperature [48],
possibly contributing to the decline in annual peak abundance observed for some non-copepod taxa
(polychaete larvae, ostracods, bivalve and fish larvae). Nevertheless, the high freshwater inflow
associated with Hurricane Sandy in fall 2012 accompanied by the relatively low salinity that occurred
through spring 2013 might have contributed to the observed low abundances of the taxa in the MCBs.

4.1. Mesozooplankton Community Composition and Taxa-Environment Relationships

The percent contribution of non-copepods (e.g., decapod larvae, cladocerans) to mesozooplankton
abundance in this study was highest in late spring and early summer when copepod density was
relatively low [42]. Similar observations were made in the lower Narragansett Bay [16] and in other
mid-Atlantic estuaries [6,19,35,49]. The increase in non-copepod taxa relative abundance that occurred
when copepod density was low is important since they serve as alternate prey for zooplanktivorous
fishes. Bay anchovy is abundant in summer in MCBs [50], and the juveniles usually make up the
majority of estuarine bay anchovy population biomass in summer and fall [51]. Although copepods
contribute the bulk of bay anchovy’s diet, non-copepod taxa, especially larvae of barnacles, bivalves,
and polychaetes, as well as amphipods, crab zoeae, mysids, ostracods, cladocerans, and ichthyoplankton
seasonally dominate the diet in mid-Atlantic estuaries such as Long Island Sound, Cheseapeake Bay
and MCBs [8,9,52–55].

Temporal variations in freshwater discharge and salinity influenced the relative abundance
of mesozooplankton taxa. For example, Barnacle nauplii dominated the non-copepod community,
especially in Newport Bay from January to August 2012. During this period, freshwater discharge into
MCBs was relatively low and salinity was high. Naupliar stages of barnacles were absent in fall of
2012, which might have been due to the dramatic reduction in salinity caused by excessive rainfall
that was associated with Hurricane Sandy that increased freshwater inputs into the system possibly
increasing mortality of the larvae and perhaps the adult stages. Mortality of barnacle larvae is higher
at low salinity (<6) than at higher (>14) salinity [56], and high rainfall with associated high freshwater
discharge has been reported to depress the abundance of some species of barnacles. Higher densities
of barnacles were collected during dry season than wet season in coastal lagoons in Panama [56]

115



Water 2019, 11, 2133

and in Lagos Harbor, Nigeria [57]. The salinity observed in the MCBs in spring of 2013 (wet year)
was much higher (23–26) than the levels observed during the rainy season in these other lagoons,
though the salinity in MCBs during the period Hurricane Sandy occurred might have been much
lower than the values we recorded after the event. Spring and summer peaks of barnacle naupliar
observed in the MCBs were also reported for the Delaware River estuary [19]. In 2013, a year of above
average freshwater discharge into MCBs and lower salinity, hydromedusae dominated non-copepod
community particularly in Assawoman Bay and at the mouth of St. Martin River. Larvae of polychaetes
and bivalves, in addition to ostracods, and larvaceans, were better represented in the plankton in 2012
when salinity was higher, than in 2013 when salinity was lower. In estuaries that experience much
horizontal gradient in salinity, seawater penetration can bring in zooplankton species from the coastal
ocean during periods of low freshwater inputs [11].

There were seasonal changes in the relative abundance of mesozooplankton taxa in the MCBs.
Hydromedusae were present from winter through summer, but scarce in fall (October–December).
Hydromedusae were abundant in Delaware Bay River estuary during winter [18] and in Long Island
estuary in April [49]. Polychaete and bivalve larvae were also abundant in winter to spring, with a
shift in seasonal dominance from polychaetes to barnacles, gastropod larvae, crab zoea, barnacles,
shrimps, and finally polychaete larvae in 2012. This seasonal pattern was different in 2013 when a shift
in dominance of the major taxa occurred from hydromedusae to gastropod larvae, crab zoea, barnacles,
and finally polychaetes.

The spatial distributions of mesozooplankton taxa were related to variations in salinity. Larvaceans
were positively correlated to salinity, and found only in Sinepuxent Bay close to the Ocean City inlet in
2013. Bivalve larvae also showed a similar preference for high salinity bay areas in 2013, and gastropod
larval densities decreased at sites near the mouths of MCBs tributaries. The relatively high abundance
of barnacle nauplii in Newport Bay and St. Martin River in both years as well as the occurrence of
polychaete and bivalve larvae in high abundance in St. Martin River in the dry year (2012) and within
the open waters of Sinepuxent Bay in the wet year (2013), suggests that salinity is an important factor
that influenced their distributions and abundance. As salinity increases towards the ocean, clams,
crustaceans and polychaete worms dominate the benthos of the coastal bays [27], thus accounting for the
high abundance of meroplanktonic larvae of these organisms around Sinepuxent Bay. The occurrence
of gastropod and polychaete larvae in high abundance in embayments closest to the coastal ocean
(downstream) is contrary to the findings in Pagan River, a sub-estuary of Chesapeake Bay [17] and
in Mondego estuary, Western Portugal [58] where the larvae were abundant upstream, although this
might be due to differences in the species reported in the systems. In the Delaware River estuary,
polychaete larvae occurred from the entrance of the river to the middle of the bay and peaked in
abundance from winter to spring [19]. The lowest salinity at which they were observed was 24.1.
In this study, annual peaks in the abundance of polychaete larvae were recorded at salinity levels >30.

4.2. Occurrence of Blue Crab Larvae in the MCBs

Blue crab, C. sapidus zoeae, were common in July in this study which is similar to the month
during which they were observed by other investigators in nearby estuaries [18,37]. The study confirms
what was previously suspected based on the capture of gravid females by the MD DNR that blue crabs
spawn in the MCBs. Blue crab zoeae were most prevalent in Sinepuxent Bay and the northern bays
and rarely occurred in southern bay areas with adequate salinity for larval development, although no
sampling occurred near the Chincoteague Inlet in Virginia. This supports results of previous studies
that indicated that blue crabs hatch their eggs near the mouth of estuaries [6,22]. The occurrence of
zoeae at sites located in Assawoman Bay close to tributary creeks, however, suggests that spawning
occurs not only close to the Ocean City Inlet, but also in areas that are some distance away from the inlet.
It is also possible that crab larvae that hatched near the inlets were dispersed into Assawoman Bay by
waves and tidal action. The proximity of spawning locations to the inlet enhances easy transportation
of zoeae from the MCBs into the nearby continental shelf waters where further development takes
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place [22,25]. Additional studies are needed, however, to determine if blue crab larvae complete their
development from zoeae to megalopae within the MCBs.

4.3. Diversity of Mesozooplankton

Mesozooplankton assemblage was most diverse in spring and summer of 2012 when salinity was
relatively high, especially in areas close to the Ocean City Inlet, connecting the bays to the Atlantic
Ocean. Intrusion of seawater in estuaries can act as a major driver for zooplankton diversity [59].
In Pearl River estuary China, zooplankton diversity and species richness were enhanced in the middle
and lower portions with high diversity at salinity level >25 [11]. The higher zooplankton diversity in
spring and summer months in 2012 might have been contributed by the increase in the abundance of
cladocerans, decapod larvae, and other meroplanktonic forms in the system during that period, some
of which were likely transported into the bays from coastal ocean by tidal action.

The most diverse assemblage was observed in areas with high salinity, but low chlorophyll a.
The observed negative correlation between chlorophyll a and diversity was because chlorophyll a levels
were higher in areas close to MCBs tributaries (Newport Bay and St. Martin River) with lower salinity
and high nutrient levels due to freshwater inflow [38,60], which also had lower mesozooplankton
diversity than in areas close to the inlets. Howson et al. [35] observed higher zooplankton diversity in
the southern bay of the Barnegat Bay, NJ, with more oceanic influence and less anthropogenic impact,
than in the more nutrient enriched northern bay.

4.4. Implications of Temporal Variability in Environmental Factors on Mesozooplankton

Variability in freshwater discharge altered salinity and influenced the abundance and distribution
of mesozooplankton in the MCBs. High freshwater discharge that began in fall 2012 and continued
through spring 2013 lowered salinity that likely favored hydromedusae whose abundance was highest
in March and April, but perhaps disfavored bivalve and barnacle larvae. During this period, salinity was
about 23 (March) and 26 (April) compared with about 30.5 (March) and 34 (April) in 2012. Salinity has
been reported to influence the abundance and distribution of hydromedusae in other estuaries [61,62].
In Mississippi Sound, the incidence of hydromedusae was highest at 25.1 to 30 below and above
which the abundance decreased [61]. With the occurrence and high abundance of hydromedusae,
ctenophores [42] and scyphozoan jellyfish in the MCBs, and their documented negative impacts on
the standing stock of planktonic communities [31,45,47,48], the slow rate of recovery of the hard clam
population abundance in the MCBs is not surprising. This is because, peak abundance of bivalve
larvae (March) coincided with the increase in the abundance of hydromedusae (March and April),
which was followed by ctenophores (April–June) especially in 2013 when salinity was relatively
low [42]. Hydromedusae are known predators of zooplankton [44] and when numerically abundant,
are able to exert their potential maximum clearance impact [63]. Ctenophores as predators of bivalve
larvae [31,43,64] cause high mortality, with a potential of consuming up to 94.1% of the larvae during
spawning periods [32].

Non-copepod zooplankton are important prey items for carnivorous zooplankton, larval fish,
and adult planktivorous and forage fish such as bay anchovy. These organisms are relatively abundant
when copepod abundance is low in the MCBs. During years with high freshwater input, the MCBs
salinity levels in some areas may not be favorable for the development of some decapod crab zoeae
and bivalve larvae (Mercenaria mercenaria) that prefer high salinity. In addition, the temperature range
(~17–30 ◦C) tolerated by M. mercenaria larvae is reduced when salinity decreases from the optimum
range of 26–27 [65]. Thus, increased temperature, reduced salinity as well as high densities of gelatinous
zooplankton (hydromedusae and ctenophores) can affect the breeding success of finfish and shellfish
species in the MCBs. Gelatinous zooplankton can change food web dynamics and decrease recruitment
of fish and shellfish populations by preying on the larval forms or via competition for zooplankton
prey [45,46].
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5. Conclusions

Results of this study indicate that variations in freshwater discharge affect the abundance,
distribution and diversity of mesozooplankton in MCBs. These changes in mesozooplankton structure
likely influence trophic relationships and recruitment of finfish and shellfish larvae to the adult
populations. The percent contribution of non-copepods to mesozooplankton abundance in MCBs was
highest in late spring and early summer when copepod density was relatively low. The composition
and abundance of mesozooplankton differed between 2012 and 2013 such that barnacle larvae were the
most abundant of non-copepod mesozooplankton, whereas hydromedusae were the most abundant
group in 2013. Mesozooplankton diversity varied temporally and spatially, and was higher at higher
salinity than at lower salinity. Seasonally, diversity was higher in spring and summer 2012 than
in fall. Additionally, in 2012 when salinity was comparatively high because of low precipitation,
diversity was higher than in 2013 when salinity was relatively low. Blue crab zoeae were common
in the MCBs in the summer, especially in Sinepuxent Bay and the northern bays confirming that the
adults spawn in the MCBs, although further studies are needed to determine if they complete their life
cycle in the bays. Additional studies are also needed to investigate the predation rates of ctenophores,
jellyfish and zooplanktivores such as bay anchovy on various zooplankton taxa. This will be useful
for understanding the role of non-copepod community as alternate prey for fish in the MCBs during
spring and summer minimum of copepods, and will also provide more information on the impact of
predation on the survival of bivalve larvae and their recruitment to the adults.
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Abstract: Populations dynamics of key zooplankton species in the European Arctic,
Calanus finmarchicus and Calanus glacialis (hereafter defined as Calanus) may be sensitive to climate
changes, which in turn is of great importance for higher trophic levels. The aim of this study was
to investigate the complete copepodite structure and dynamics of Calanus populations in terms of
body size, phenology and their relative role in the zooplankton community over time in different
hydrographic conditions (two fjords on the West Spitsbergen Shelf, cold Hornsund vs. warm
Kongsfjorden), from the perspective of their planktivorous predator, the little auk. High-resolution
zooplankton measurements (taken by nets and a laser optical plankton counter) were adapted to
the timing of bird’s breeding in the 2015 and 2016 summer seasons, and to their maximal diving
depth (≤50 m). In Hornsund, the share of the Calanus in zooplankton community was greater
and the copepodite structure was progressively older over time, matching the little auks timing.
The importance of Calanus was much lower in Kongsfjorden, as represented mainly by younger
copepodites, presumably due to the Atlantic water advections, thus making this area a less favourable
feeding ground. Our results highlight the need for further studies on the match/mismatch between
Calanus and little auks, because the observed trend of altered age structure towards a domination
of young copepodites and the body size reduction of Calanus associated with higher seawater
temperatures may result in insufficient food availability for these seabirds in the future.

Keywords: population dynamics; size; match-mismatch; Spitsbergen; laser optical plankton counter

1. Introduction

Calanus finmarchicus and Calanus glacialis (hereafter Calanus) co-exist and dominate the
mesozooplankton biomass in the shelf waters of the Arctic Ocean [1–3]. Originally, both species
have different centers of distribution and thus are adapted to different environmental conditions and
consequently adopt different life-history strategies [4–7]. As dynamic changes in the environmental
conditions and in timing of primary production in the Arctic [8] cause high variability in the development
rate and length of life cycles of the Calanus species [9], comprehensive phenological studies of these
copepods are essential, especially in the context of their availability to planktivores in the warming
Arctic. The important role of Calanus spp. in marine ecosystem functioning is based on the transfer of
omega-3 fatty acids (long-chain PUFAs produced by marine algae), which are crucial for the growth
and reproduction of all marine organisms [10]. Calanus spp. are full of lipids (up to 50–70% in dry
mass) [11–13], and this makes them extremely nutritious for planktivores. Until recently, the amount
of lipids was suggested to be species-specific, with a higher lipid content attributed to C. glacialis
compared to the smaller C. finmarchicus [4,5,13]. This assumption emphasized the different role of
these species in the Arctic ecosystem. However, in most of the studies the identification between these
two morphologically very similar species was based on their size [13–15], while according to recent
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molecular studies the size ranges of C. glacialis and C. finmarchicus overlap and are generally much
broader than previously assumed [16–20]. Therefore, the problem with a correct separation of these
species could lead to substantial confusion dealing with their life history, population dynamics and
ecological roles. Because the lipid content was found to depend on body size rather than species,
the analysis of the Calanus spp. size seems to be more appropriate to understanding the process of
energy transfer from Calanus to higher trophic levels [20].

The individual size of Calanus spp. is tightly coupled with the ambient seawater temperature,
with smaller individuals observed in warmer seawater conditions [16,21,22]. Temperature increase
affects not only intra-species size variability but leads also to alteration of the zooplankton community
size structure, which is considered to be more important than shifts in biomass [23,24]. The scenarios
of pelagic food web modifications due to the increased seawater temperature indicate that smaller
boreal species, due to faster reproduction, will have increasingly important roles in the higher
latitudes [15,20,25]. A northward expansion of organisms, better adapted to warm water conditions,
has already been observed [26–28]. Fluctuations in planktonic production may lead to a disturbance in
interactions between predators and prey (match/mismatch) [29,30] and as a consequence may severely
disrupt the functioning of the whole ecosystem [31–34]. However, new hypotheses have also emerged,
suggesting that energy transfer to higher trophic levels may be more efficient than previously assumed,
because of the accelerated zooplankton development [20]. Unfortunately, such promising scenarios
may not apply to strictly specialized visual predators, actively selecting larger Calanus spp. individuals,
such as the little auk [35,36], the keystone planktivorous seabird in the Arctic [37]. The little auk
requires their prey to occur in high proportion in relation to other zooplankters in the seawater [14,37],
because high abundances of small zooplankters may hinder the detection of their preferred large,
energy-rich prey. The reproduction period of little auks is tightly matched in time with particular
phase of Calanus development, because they actively select mainly the lipid-full fifth copepodite stage
(CV) [38–43]. A recent study of Calanus spp. phenology in Greenland waters [44] showed that little
auks select foraging grounds where availability of their main prey is matched in time with their high
food demands. This might be especially important in Svalbard, where some of the world’s largest
colonies of these birds are located [45] and which is now threatened by the new climate state due
to progressing Atlantification. Little auks are the main fertilizers of ornithogenic tundra and thus
play an important role in the Arctic ecosystem [46]. Therefore, studies of the phenology of their main
prey are important for better understanding threats for both marine and terrestrial ecosystems and
their interactions.

Consequently, two main goals emerged in this study: (1) to test the size of zooplankton both on
individual (Calanus copepodite stages) and community (abundance-weighted mean size) levels; and (2)
to investigate dynamics of complete copepodite structure of Calanus in the context of food demand of
the little auk during the summer chick rearing period in two different regions and summer seasons on
the West Spitsbergen Shelf. We hypothesized that both the population dynamics of Calanus and the
taxonomic composition of zooplankton vary significantly between more Atlantic and Arctic water
dominated regions, which in turn provide different feeding conditions for planktivores.

2. Materials and Methods

2.1. Study Area

Research was conducted on the west coast of Spitsbergen in two fjords, representing different
hydrographic regimes: Kongsfjorden, located in the north and Hornsund in the south (Figure 1).
Hornsund is situated on the south-western tip of Spitsbergen and is influenced by the coastal Sørkapp
Current, which carries less-saline, cold Arctic water [47,48]. Kongsfjorden is exposed to advection from
the warmer Atlantic water of the West Spitsbergen Current (WSC) [48–50]. The two different currents
are separated by a density gradient that forms the large frontal system along the West Spitsbergen
Shelf (WSS) [51]. Thus, Kongsfjorden receives twice as much Atlantic water than Hornsund, and
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this results in 1 ◦C higher water temperatures and 0.5 higher salinities compared to Hornsund [48].
However, in recent years, gradual warming has been observed in both fjords [48,52].

Figure 1. Zooplankton sampling stations in 2015 (A) and 2016 (B) from two fjords: Kongsfjorden (upper
panel) and Hornsund (lower panel) located along the coast of Spitsbergen and sampled during three
study periods each year (marked by various shapes of points). The sections of laser optical plankton
counter (LOPC) surveys (C) are marked with yellow and pink lines. Map of the study area (D) with
current patterns in the Spitsbergen region (simplified from Sakshaug et al. 2009).

2.2. Sampling Protocol

Zooplankton samples from the little auk foraging grounds were collected during two consecutive
summer seasons (hereafter study season) of 2015 and 2016 (Figure 1 and Figure S1) in two study
locations of cold Hornsund, and warm Kongsfjorden, both inside the fjords and in the adjacent areas
located on the WSS (Figure 1). In Hornsund, samples were collected three times during each season,
(hereafter study periods): three, 13, and seven samples in 2015 (hereafter respectively H1, H2, H3) and
five, 15, and seven in 2016 (respectively H1′, H2′, H3′). In Kongsfjorden nine, five, and six samples
were collected in 2015 (hereafter respectively K1, K2, K3) and nine, eight, and nine in 2016 (K1′, K1.5′,
K2′). For exact sampling dates see Figure S1. In total, during 12 zooplankton sampling campaigns,
96 zooplankton samples were collected: 50 in the Hornsund area, and 46 in the Kongsfjorden area.
Most sampling was performed directly from the R/V Oceania (IO PAN). Two sampling campaigns in the
Kongsfjorden area (K1 and K2′) were performed on board of the R/V Lance (Norwegian Polar Institute),
one on board of a Zodiac boat (K3 in 2015) and one in Hornsund on board the S/Y Magnus Zaremba
(H3′ in 2016). Most of the samples (91) were collected using a WP2-type net (0.25 m2 opening area)
fitted with filtering gauze of 180 μm mesh size, which is best suited to catch all copepodite stages of
Calanus. Five samples (K2) were collected using a WP2-type net with 60 μm mesh size. All zooplankton
samples were collected from the mid-surface water layer (i.e., upper 50 m), which was arbitrarily
chosen taking into consideration the little auk maximal diving depth of 50 m [53]. After collection,
all samples were preserved in 4% formaldehyde solution in borax-buffered seawater and transported
to laboratory for analysis.

2.3. Laboratory Analyses

Detailed laboratory analyses of each sample were performed according to a standard procedure,
following the instructions given by Kwasniewski et al. [14]. First, zooplankters larger than 0.5 cm
were removed from the sample, identified, and counted. Then, 2 mL subsamples were taken from
each sample with a macropipette according to the sub-sampling method described by Harris et al. [54].
Subsamples were taken until at least 400 individuals were counted from a single sample. All organisms
were identified to the lowest possible taxonomic level, typically species. Special focus was put
on Calanus and their copepodite stages, which were identified according to criteria described by
Kwasniewski et al. [55]. The abbreviations (CI-AF) refer to six successive copepodite stages of
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Calanus, i.e., CI, CII, CIII, CIV and CV as the first five copepodite stages, and AF to adult females.
After microscope analysis, the number of individuals in each sample was converted into abundance
(ind. m−3), basing on the volume of filtered water.

Due to the similar function of both species according to the trait-based approach [20] and difficulties
in distinguishing them properly, for the purposes of this work C. glacialis and C. finmarchicus have been
merged into one group, hereafter Calanus. However, the measurements of the prosome length of all
copepodite stages of Calanus were performed for at least 30 individuals from each copepodite stage in
the subsamples. To compare the prosome length of all the Calanus copepodite stages, 12,800 individuals
were measured.

2.4. Temperature Measurements

Temperature data for comparison with the measurements of body size of Calanus and zooplankton
community from net samples were obtained from 52 stations, (35 in Hornsund and 17 in Kongsfjorden)
in two years of study by vertical profiles using a conductivity–temperature–depth sensor (CTD)).
Measurements were first all binned into 1 m depth intervals, and then averaged over the upper 50 m
water column for each station.

2.5. LOPC Measurements

To measure the size and concentrations of Calanus-type particles in different temperatures,
the continuous oscillatory profiles, from the surface to 50 m depth, were performed with
a conductivity–temperature–depth sensor (CTD; SBE 911plus, Seabird Electronics Inc., Washington,
DC, USA) and a laser optical plankton counter (LOPC; Brooke Ocean Technology Ltd., Dartmouth,
NS, Canada). The LOPC is an in-situ sensor that provides data on the abundance and size structure
of a plankton community by measuring each particle passing through a sampling tunnel of a 49 cm2

cross section. As the particle passes the sensor, the portion of blocked light is measured and recorded
as a digital size and converted to the equivalent spherical diameter (ESD). The ESD is the diameter
of a sphere that would represent the same cross-sectional area as the particle being measured with
the use of a semi-empirical formula based on calibration with spheres of known diameters [56–58].
A Calanus-type group of particles, that involved only older life stages (app. CV), was selected basing
on size (0.9–2.5 mm ESD) and transparency (attenuance index > 0.4) [59]. Then, the measurements
(size + concentration of Calanus-type) were grouped according to a few seawater temperature ranges
(<4 ◦C, 4–6 ◦C, and >6 ◦C) to calculate the 1d kernel density (R function geom_density) estimates of
the dominating size in particular water temperatures.

2.6. Data Analyses

Multivariate nonparametric permutational ANOVA (PERMANOVA) [60] was used to test
differences in: Calanus prosome length of individual copepodite stages; Calanus copepodite structure
(CI-AF, stage index, and zooplankton species composition among fixed factors of regions and study
periods. Prior to the analyses, abundance data were square-root-transformed [61]. The distribution
of centroids representing particular samples was illustrated with a non-metric multi-dimensional
scaling (nMDS) using Bray–Curtis similarities ordinations. The calculation of the Pseudo-F and
p values was based on 999 permutations of the residuals under a reduced model [62]. To assess the
magnitude of the spatial variation at each gradient, the estimated components of variation (ECV) as
a percentage of the total variation were used. The relationship between seawater temperature and
the Calanus prosome length and the mean size of zooplankton organisms was tested with the use of
Pearson linear correlation. The Calanus stage index was calculated as a weighted mean on the basis of
relative abundance of particular life stages, with each stage given values from 1 (CI) to 6 (AF) [63],
where AF stage was represented by adult females. The mean size of zooplankton organisms in the
sample was calculated as a weighted mean based on a local database with detailed measurements
made by the Svalbard fiords in the scope of the Dwarf project (Polish-Norwegian Research project
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no. Pol-Nor/201992/93/2014). To determine zooplankton community structure, relative abundance
of species/taxa was used. For each study period, a median number of individuals of a given taxa
was calculated. Taxa constituting more than 5% of total zooplankton abundance were distinguished;
the rest were grouped into an “others” category. To compare the prosome length frequency distribution
of a copepodite stage CV of C. finmarchicus and C. glacialis, the number of all CVs in the sample (ind.
m−3) was divided by the total number of measured individuals in the sample. To determine the
relative abundance of measured individuals, each measurement of a given individual was multiplied
by a factor: the abundance of CV (ind. m−3)/number of measured individuals. Measured individuals
were classified into size classes every 0.05 mm.

3. Results

3.1. Size Response of Calanus and Mesozooplankton to Different Seawater Temperatures

The prosome length of Calanus copepodite stages based on comprehensive morphometrical
analysis differed significantly between the two fjords in the case of all life stages (CI–CV), except for
adults (AF) (Table 1). In general, the median prosome length of Calanus individuals was larger in
Hornsund than in Kongsfjorden (Figure 2).

Table 1. Results of one-factor multivariate PERMANOVA for the prosome length of Calanus copepodite
stages in Hornsund and Kongsfjorden. Bold means p < 0.05, df are degrees of freedom, MS represents
means of squares,

√
ECV are square root of the estimated components of variance.

Copepodite Stage Factor df MS Pseudo-F p
√

ECV

CI Fjord 1 1274.8 212.98 0.001 1.40
CII Fjord 1 5180.9 560.51 0.001 2.43
CIII Fjord 1 8748.4 1086.40 0.001 2.74
CIV Fjord 1 5728.8 720.28 0.001 1.98
CV Fjord 1 2277.5 237.43 0.001 1.43
AF Fjord 1 1.2 0.22 0.630 −0.18

The prosome length of individual copepodite stages of Calanus significantly correlated with
temperature in both fjords for CI-CV (Pearson correlation coefficient, R = −0.37, p < 0.001 (CI);
R = −0.48, p < 0.001 (CII); R = −0.39, p < 0.001 (CIII); R = −0.38, p < 0.001 (CIV); R = −0.37, p < 0.001
(CV), Figure 3), and did not correlate for AF (Pearson correlation coefficient, R = 0.01, p = 0.88, Figure 3).
Generally, a relatively large variation in the body size of each Calanus copepodite stage was observed
for each temperature recorded, except for the highest values (>7 ◦C), at which only relatively small
individuals were observed in Kongsfjorden.
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Figure 2. Prosome length of Calanus copepodite stages: CI–adult females (AF) in Kongsfjorden
(red) and Hornsund (blue). Horizontal black lines in the boxes show the median, box represents
percentiles, whiskers indicate ranges, dots represent values outside the range, red arrows show
statistically significant size differences between two investigated fjords, N indicates number of
measured individuals.

Figure 3. The relation between seawater temperature and prosome length of Calanus copepodite
stages CI–AF. Dots represent individuals measured, blue in Hornsund and red in Kongsfjorden.
Trendline is marked in black, N indicates the number of measured individuals, R indicates Pearson
correlation coefficient.

Additionally, a significant negative correlation between seawater temperature and mean
zooplankton body size was observed (Pearson’s correlation R = −0.46; p = 0.001; Figure S2).
Larger animals (>1200 μm) were observed at lower seawater temperatures (i.e., below 4 ◦C) in
Hornsund, while smaller organisms were dominating mainly in warmer (4–7.5 ◦C) Kongsfjorden.
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Moreover, according to the measurements of the automatic LOPC method of the Calanus-type
particles, individual size of older life stages of Calanus (CIV and CV) also differed in relation to
the seawater temperature (Figure 4). In Hornsund in both years the largest Calanus-type particles
(c.a. 1.5 mm ESD) were observed in low temperatures (<4 ◦C), while the highest densities of smallest
individuals (1.0–1.2 mm ESD) were noted at higher temperatures (>6 ◦C). In Kongsfjorden, the size
range of older Calanus differed between two years, with larger size fraction dominating in 2015
(Figure 4).

Figure 4. Size distribution of Calanus-type particles expressed as equivalent spherical diameter (ESD,
mm) recorded by laser optical plankton counter (LOPC) in different temperature ranges in Kongsfjorden
and Hornsund in 2015 and 2016.

3.2. Zooplankton Community Structure

The zooplankton community structure in Kongsfjorden was significantly different between the
two years (PERMANOVA, MS = 6127.4, Pseudo-F = 16.13, p = 0.001) and among study periods in 2015
(PERMANOVA, MS = 1776.3, Pseudo-F = 5.22, p = 0.003) and in 2016 (PERMANOVA, MS = 2133.0,
Pseudo-F = 4.49, p = 0.001). Because samples in K2 period of 2015 were collected with different
net mesh size, they were excluded from the current analysis (see M and M for details). In 2015,
Calanus was the most abundant taxon in K1, when it reached 47% of the total zooplankton abundance.
Its percentage decreased over time reaching 25% in K3 (Figure 5). In 2016, the Calanus percentage
was relatively low, and decreased from 12% in K1′ and K1.5′ to 5% in K2′ (Figure 5). The second
numerous taxon, Oithona similis was more significant in 2015 (30% in K1 and 46% in K3) than in 2016
(20% throughout three study periods). The share of the Copepoda nauplii was higher (maximum in
K1′) in 2016 than in 2015. Similarly as in Hornsund, the percentage of Bivalvia veligers were especially
high in 2016 (17–26%) and very low in 2015 (≤5% in K3). Another important zooplankton component in
Kongsfjorden was Limacina helicina with 16% to 31% contribution to the overall zooplankton abundances
in 2016. The percentage of Pseudocalanus spp. was rather constant over time.
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Figure 5. Zooplankton community structure in Kongsfjorden and Hornsund.

The zooplankton community structure in Hornsund also differed between the two years
(PERMANOVA, MS = 3245.0, Pseudo-F = 5.83, p = 0.001) and between study periods (PERMANOVA,
MS = 5222.6, Pseudo-F = 9.39, p = 0.001) of both years (PERMANOVA, MS = 1661.3, Pseudo-F = 2.98,
p = 0.003). In both years, Calanus dominated the zooplankton community, constituting approx. 60%
of total zooplankton abundance in all three study periods of 2015 and approximately 40% in 2016.
The second most numerous taxon was O. similis with at least 20% of total zooplankton abundance
throughout all the periods of both study seasons (Figure 5). Copepoda nauplii composed a significant
percentage of total zooplankton abundance, especially in H1 and H1′ (20%). The contribution of
Pseudocalanus spp. was in general the most important in H2 and H2′ study periods, while Bivalvia
veligers comprised about 10% of all taxa in H2′ and H3′ in summer 2016.

3.3. Calanus Copepodite Structure

The copepodite structure of Calanus in Kongsfjorden clearly differed between the years
(PERMANOVA, MS = 6079.7, Pseudo-F = 15.19, p = 0.001) and between the study periods only
in 2015 (PERMANOVA post hoc, MS = 1782.3, Pseudo-F = 4.45, p = 0.013). Calanus copepodite stage
structures were much more similar among study periods within one year than among corresponding
study periods of the two years (Figure 6), which was indicated by higher estimated components of
variance (ECV) for years other than for study periods (19.5% vs. 10.8%). The Calanus copepodite stage
index in Kongsfjorden differed between years (PERMANOVA, MS = 698.1, Pseudo-F = 46.40, p = 0.001),
but not between study periods (PERMANOVA, MS = 21.9, Pseudo-F = 1.46, p = 0.257). In general,
in 2015 the median values of Calanus copepodite stage index were higher than in 2016, when they
remained relatively low (Figure 7).
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Figure 6. The non-metric multi-dimensional scaling (nMDS) of the Calanus copepodite structure in
two Spitsbergen fjords: Kongsfjorden and Hornsund. Vectors indicate the direction of best correlating
variables determined as a percentage of each copepodite stage. Their lengths correspond with the
strength of the correlation.

Figure 7. Calanus stage index (Y axis) together with copepodite stage structure (different colours) in
Kongsfjorden and Hornsund in particular study periods (X axis) in 2015 and 2016.

The copepodite structure of Calanus in Hornsund differed first of all between study periods
(PERMANOVA, MS = 3724.2, Pseudo-F = 31.16, p = 0.001), but also slightly between years
(PERMANOVA, MS = 475.1, Pseudo-F = 3.98, p = 0.026; Figure 6). The higher share of ECV
was obtained for the factor of periods than for a factor of year (15.9% vs. 4.4%). The Calanus copepodite
stage index in Hornsund also differed between years (PERMANOVA, MS = 49.5, Pseudo-F = 7.62,
p = 0.014) and study periods (PERMANOVA, MS = 746.9, Pseudo-F = 57.56, p = 0.001). Differences in
the copepodite stage index had a stepwise character in both years, with a slightly higher median values
in all investigated periods observed in 2016 (Figure 7).

Large differences in Calanus copepodite structure in Kongsfjorden were only observed in 2015,
when the proportion of early copepodite stages (CI–CIII) decreased from over 50% in K1 to about 10%
in K3 (Figure 7). The CIV was the dominating life stage in K2, then it was outnumbered by CV in K3.
The proportion of AF was very low with a slightly higher value, but not exceeding 2% in K1. In 2016,
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the composition of Calanus community was dominated by young copepodite stages and was very
similar among study periods (Figure 7). The CI–CIII constituted approximately 60% of all copepodite
stages with about 20% share for each stage. Calanus population in Hornsund in both years changed
over time (Figure 7). Although the highest importance of the youngest copepodites of Calanus (CI and
CII) were observed early in both years, (H1 and H1′), their contribution was almost two times higher
in 2015 than in 2016. Thus, the correlation of these stages with the ordination coordinates was stronger
concerning samples from 2015 (Figure 6). The highest proportion of CIII was observed in 2015 in H2
(31%) and in 2016 in both H1′ and H2′ (25%). The highest proportion of CIV was observed in the
second and the third study periods in both years and was slightly higher in 2016. Peak occurrence of
CV took place in the third period of both years (H3 and H3′). The proportion of AF was relatively
low throughout the study, but slightly higher in the first study periods of both years and correlated
positively with the youngest life stages.

The Calanus copepodite structure differed significantly between Hornsund and Kongsfjorden in
corresponding periods only in 2016 (PERMANOVA, MS = 5558.3, Pseudo-F = 18.95, p = 0.001). In 2015,
the copepodite structure in both fjords was relatively similar in corresponding periods H3 and K3
(PERMANOVA, MS = 642.8, Pseudo-F = 3.35, p = 0.054) with the predominance of late stages (CIV and
CV) in both regions. In turn, in 2016 in the comparable H2′ and K1.5’ periods, the copepodite structure
differed significantly, because of the high percentage of early stages CI–CIII recorded in Kongsfjorden,
and the domination of CIV in Hornsund. Also the copepodite stage index for Calanus differed between
two fjords only in 2016 (PERMANOVA, MS = 258.5, Pseudo-F = 34.61, p = 0.001), while in 2015 in
corresponding study periods the stage index in H3 and K3 was similar (Figure 7). In analogous periods
of 2016 (H2′ and K1.5′) a higher median value of stage index was observed in Hornsund (Figure 7).

4. Discussion

The phenology of Calanus is a critical factor for little auks reproduction success during their
breeding season, as was shown recently in a spatial perspective study in Greenland [44] and in
time perspective study in Svalbard waters [64]. Therefore it is now of vital importance to study
the match in time and space between the availability of older life stages of Calanus and little auks,
because as was shown by this study, the development rate and the age structure of Calanus may differ
significantly depending on the region, water temperature and time in the season. The issue is alarming
not only because temperature warming has been shown to accelerate development of Calanus [65],
but also because the altered phenology of many species is becoming an increasingly important problem
for trophic interactions [31,64,66] and thus entire food webs. To date, disturbance in interactions
between predators and prey (match/mismatch) have been observed in many groups of organisms, e.g.,
between fish and plankton [67,68], insects and plants [69], birds and insects [70–72] shorebirds and
arthropods [73] or seabirds and zooplankton [33,74,75]. The high variability in Calanus development,
smaller body size and lower proportion in their concentration in relation to smaller zooplankton taxa
in warmer Kongsfjorden, observed in our study, are in line with predicted scenarios of pelagic system
modifications in the future Arctic towards faster development and prevailing role of smaller organism
size [15,20,25]. Even though shortening life cycles and body size reduction of Calanus are expected not
to have negative consequences for top predators [20], it will probably be important to the little auk,
which is dependent on the availability of large, energy-rich prey [35].

Little auk preferentially search for large, lipid-rich copepods to cover the high energy costs
incurred during foraging trips and feeding underwater [76–78]. Because the lipid content is strongly
related to the body size, in this work Calanus size rather than species affiliation was utilized as the
main qualitative trait. This approach is suggested as more appropriate for understanding the process
of energy transfer to higher trophic levels on a larger scale [20]. Combining two species into one
Calanus category was also supported by the recently discussed and clearly demonstrated problem
of misidentification of C. glacialis and C. finmarchicus [17,19,20]. In order to gain a broader view on
the Calanus population characteristics, in this study at the first step individuals of both species were
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identified and separated in accordance with traditional morphological classification [55], by measuring
the prosome length. Results have shown that neither the specimens classified as C. glacialis nor
C. finmarchicus were following a normal size distribution (Figure 8), which was in opposition to what
was demonstrated for this stage for both species by molecular methods [20] (Figure 1). A right-skewed
size distribution of C. glacialis both in Hornsund and in Kongsfjorden observed in our study is most
probably caused by the fact that larger individuals classified as C. finmarchicus are in fact smaller
individuals of C. glacialis [20]. This confirms that the size criterion is no more a reliable tool to accurately
classify an individual for a given species [79], thus justifying our approach to combine them into
one group.

Figure 8. Prosome length frequency distribution of copepodite stage CV of Calanus finmarchicus and
C. glacialis classified according to morphological identification after Kwasniewski et al. [55] in Hornsund
(n = 1798) and Kongsfjorden (n = 799).

The body size of individual copepodite stages (CI–CV) of Calanus differed clearly between the
two investigated fjords, with smaller prosome length observed in warmer Kongsfjorden than in colder
Hornsund. First of all, such a difference may be explained by expected differences in proportions
of Calanus species (C. glacialis vs. C. finmarchicus), which is also of importance for little auks [66].
But the change in individual size within particular species has also to be taken into consideration.
Such observations are especially important in the light of recent studies demonstrating a great range of
size plasticity of Calanus [17,19,20] and considering the fact that temperature is a key factor determining
body size in copepods [21,80]. In this work, the smallest prosome length of Calanus CI-CV was observed
at highest temperatures (>7 ◦C), whereas the largest individuals were observed in seawater temperature
<4 ◦C. A similar trend was observed by LOPC measurements of Calanus-type particles selected for the
older life stages, with the predominance of the largest individuals observed at temperatures below 4 ◦C
and the smallest ones observed at temperatures above 6 ◦C in Hornsund. Such a clear differentiation in
size modes can be explained by the co-occurrence of two water masses carrying two different Calanus
species [14] and/or that the younger (CIV) copepodite stage was dominating in warmer, close to surface
waters, while older (CV) life stage prevailed in colder conditions. Although the fraction of older
Calanus-type particles was characterized by similar sizes in all temperature ranges in Kongsfjorden in
2015, the dominating size of this fraction was evidently shifted towards smaller sizes in the warmer
season in 2016. This could be caused by different relative roles between CIV and CV life stages, or by the
methodological bias, because the location of transects in both years slightly differed. In 2015 transects
were performed closer to the interior part of the fjord, while in 2016 transects were mainly located in
open shelf waters. Smaller individuals representing mainly C. finmarchicus can dominate in open waters
with prevailing Atlantic water masses [19], while inside the fjord usually both species co-exist [17].
Hence the larger size of Calanus-type particles observed in 2015 could have resulted from a higher
share of the larger species (C. glacialis). Despite differences in species composition, the significant
relation between the body size of Calanus and seawater temperature observed in this study agrees
with the assumptions of the temperature-size-rule (TSR) [81,82], which states that ectotherms grow
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slower, but mature at a larger body size in colder environments. The smaller size of Calanus in warmer
temperatures observed in this study may be explained by the fact that organisms tend to be smaller
in response to warming [83–85] and progressive reduction of Calanus body size is predicted with
increasing seawater temperatures [86]. The body size of C. glacialis was found to vary considerably
along its geographical range [19,20,83,87]. In experimental studies on C. finmarchicus, its prosome
length also significantly decreased with increasing sea temperatures. Moreover, the largest individuals
of C. glacialis were recorded after development in waters with temperatures not exceeding 3 ◦C [16].

In addition to individual size of Calanus, the proportion of Calanus in the overall community
is very important for visual planktivores such as little auks, which need their prey to occur not
only in a high concentration but also as easily visible [37]. In general, Calanus species are the key
element of zooplankton communities in Svalbard waters, especially in terms of biomass [1,88,89],
however their proportion in total zooplankton abundance is highly variable in time, space and under
different hydrographic conditions [63]. In this study the proportion of Calanus in total zooplankton
abundance was higher in Hornsund than in Kongsfjorden in both studied years, which confirmed
more favourable foraging conditions for little auks in Hornsund than Kongsfjorden [77,90]. A similar
predominance of Calanus in Hornsund was also recorded in 2007 [91]. Likewise, Trudnowska et al. [92]
found higher proportions of Calanus in zooplankton communities in the colder Hornsund than in
the Atlantic-influenced Magdalenefjorden. The lower proportion of Calanus in Kongsfjorden could
result from the strong advection of the Atlantic Water carrying high concentrations of small copepods
(e.g., Oithona similis) [27,93,94]. Therefore, the Atlantic water masses are typically avoided by little
auks, due to high proportions of small copepods, which hinder detection of preferred prey [14,37].
The abundance of O. similis, which was really high in Kongsfjorden in this study, has been increasing
gradually in Spitsbergen fjords since 2006 [91] as a consequence of the progressive Atlantification of these
waters [27]. The increasing importance of small copepods in the zooplankton composition [89] is one
of the most spectacular examples of the progressing warming that have already been documented [23].

Studies of Calanus development are challenging because its reproductive strategies are highly
variable in time and space due to corresponding changes in environmental conditions and food
supply [6,20,86,95]. In this study the development of the Calanus population and in consequence also
its stage index, followed similar trends in Hornsund in both years. A similar gradual development of
Calanus population, reflected by a dominance of young stages CI–CIII during the first study period
and older CIV–CV stages during the third period was observed in Rijpfjorden [6]. Such similarity
in the Calanus age structure observed in Rijpfjorden and Hornsund indicates a coincident timing of
reproductive events and its synchrony with ice algae bloom in April and phytoplankton bloom in
July [96]. In addition, the presence of early copepodite stages in all the studied periods (this study)
might suggest continuous reproduction, or at least, the presence of more than one generation of Calanus,
which is likely in high latitudes according to several new studies [20,65,97]. In Kongsfjorden, the trend
of a gradual population development was observed in this work only in 2015. This observation
coincided with the seasonal dynamic of the Calanus population structure emphasized for this fjord by
a year-round investigation of Lischka and Hagen [94] with a higher contribution of early copepodite
stages in July and a more advanced population in August. In turn in 2016, Calanus age structure was
very similar in all three studied periods in Kongsfjorden and persisted relatively young according to
low stage index. To some extent this might be caused by shorter time intervals between sampling
periods in this year, but most probably it was caused by different advection impacts, according to
different sea surface temperatures in the two years investigated (Figure 9). The events of advection are
often associated with a transport of younger populations [55,93,95], which could explain the higher
contribution of early stages in 2016 in Kongsfjorden in K1′ (7–8 ◦C SST, Figure 9). This fact was also
confirmed by a multiyear study conducted in the WSC region, where the copepodite structure of
C. finmarchicus was younger during ‘warmer’ than ‘colder’ summers [27].
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Figure 9. Sea surface temperature isoline and sea ice conditions (colour surfaces) in Svalbard waters in
2015 during K1 (a) and in 2016 during K1′ (b) study periods. Star icon represents Kongsfjorden study
area. Data source: Norwegian Meteorological Institute.

5. Conclusions

This study confirms the difficulty in proper Calanus finmarchicus and Calanus glacialis recognition,
which, together with the similar functions of these species proved in recent studies, was an important
argument for aggregating them into a single Calanus group. This study also provides evidence that
the development rate and size structure of Calanus is highly variable in time, space and in relation to
seawater temperature. Furthermore, according to the observations of this research, the copepodite
structure is much more dynamically affected by Atlantification in Kongsfjorden than in Hornsund.
Additionally, seawater temperature was confirmed to correlate negatively with both the mean size
of mesozooplankton organisms and the body length of Calanus copepodites (CI–CV). These results
support the hypothesis about shortening the life span and associated reduction of the body size of
Calanus along with climate warming. The accelerated development of Calanus can cause a significant
shift in time in availability of its fifth copepodite stage in the foraging grounds of their key predator,
the little auks. These findings confirm the hypothesis of the possible mismatch in timing between
the availability of Calanus CV and the little auks highest food demands and therefore highlight the
necessity to continue further seasonal studies of Calanus phenology in Svalbard waters.
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Figure S1: Zooplankton sampling dates in two fjords (Kongsfjorden and Hornsund) along the coast of Spitsbergen.
Codes for sampling in Kongsfjorden: K1, K2, K3 in 2015 and K1′, K1.5′, K2′ in 2016. Codes for sampling in
Hornsund: H1, H2, H3 in 2015 and H1′, H2′, H3′ in 2016, Figure S2: Relationship between seawater temperature
and the weighted mean size of zooplankton in communities sampled in Hornsund (blue) and Kongsfjorden (red).
Each dot represents mean individual zooplankton size in a particular sample.
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Abstract: The Lagoon of Venice has been recognized as a hot spot for the introduction of nonindigenous
species. Several anthropogenic factors as well as environmental stressors concurred to make this
ecosystem ideal for invasion. Given the zooplankton ecological relevance related to the role in the
marine trophic network, changes in the community have implications for environmental management
and ecosystem services. This work aims to depict the relevant steps of the history of invasion
of the copepod Acartia tonsa in the Venice lagoon, providing a recent picture of its distribution,
mainly compared to congeneric residents. In this work, four datasets of mesozooplankton were
examined. The four datasets covered a period from 1975 to 2017 and were used to investigate
temporal trends as well as the changes in coexistence patterns among the Acartia species before and
after A. tonsa settlement. Spatial distribution of A. tonsa was found to be significantly associated with
temperature, phytoplankton, particulate organic carbon (POC), chlorophyll a, and counter gradient
of salinity, confirming that A. tonsa is an opportunistic tolerant species. As for previously dominant
species, Paracartia latisetosa almost disappeared, and Acartia margalefi was not completely excluded.
In 2014–2017, A. tonsa was found to be the dominant Acartia species in the lagoon.

Keywords: Acartia tonsa; Lagoon of Venice; nonindigenous species; zooplankton distribution;
coexistence patterns; niche overlaps; long-term ecological research

1. Introduction

Alien invasive species, also called non-native or nonindigenous species (NIS), together with
marine pollution, overexploitation of living resources, and physical alteration of habitats, represent the
main threats to the world’s oceans on local, regional, and global scales [1]. The planktonic crustacean
Acartia tonsa Dana (1849) (calanoid copepod) is an NIS recently introduced in the Mediterranean Sea [2].
Several studies have shown that Acartia NIS are colonizing coastal areas and estuaries by propagation
or introduction (e.g., [3,4]). The ability of Acartiidae to cross geographic barriers relies mainly in their
capability of producing resting stages [5]. These NIS are modifying the status of native species, which
are subject to competitive pressure [6]. A. tonsa is widely distributed in estuarine environments along
the Atlantic coasts of North and South America [7] and the Pacific coast of North America [8] where it
is the most abundant species. It appeared in the European coasts in the first half of the 20th century,
possibly transferred by ship ballast waters [9,10]. In the Mediterranean Sea, A. tonsa was first reported
in 1985 in the Etang de Berre, a eutrophic lagoon near Marseilles, France [2]. Only after 1985 was
the presence of A. tonsa confirmed in several Italian transitional waters such as in a lagoon of the Po
River Delta (northern Adriatic Sea) [11], in the Lagoon of Lesina [12], and in the Lagoon of Venice [13].
In estuarine ecosystems, A. tonsa generally reaches relatively high abundances and becomes often the
dominant zooplankton species during summer [14], provided that high concentrations of particulate
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organic carbon and particulate organic matter are available. In fact, the life cycle of this copepod is
strictly dependent on the quantity of the available food—the larger the trophic supplies are, the more
accelerated its growth rate is [15–17].

The Lagoon of Venice, a large Mediterranean lagoon located in the northwest coast of the Adriatic
Sea, presents marked habitat heterogeneity, and the classification of its habitats is still a matter of
debate [18,19]. The lagoon is considered the main hotspot for invasive species in the whole Italian coast
with the presence of more than 60 NIS, including 29 invertebrates and 34 macrophyte species among
which A. tonsa also appears [20–25]. The lagoon is also part of the Long-Term Ecological Research
(LTER) network (http://www.lteritalia.it), a global network of research sites located in a wide array of
ecosystems. LTER research is a fundamental tool for monitoring environmental changes over time.
Zooplankton communities exhibit an intrinsically high variability in transitional environments, and
the elucidation of coexistence patterns is a critical question in ecology as well as in accounting for
differences in abundances among species. In addition to zooplankton ecological relevance related to
the role in the marine trophic network, changes in the community have implications for environmental
management and ecosystem services.

This work describes relevant steps in the history of invasion and establishment of A. tonsa in the
Lagoon of Venice with respect to local stressors. This work provides a recent picture of its distribution
along gradients of environmental parameters and identifying the relevant biogeochemical quantities
assisting or limiting the successful colonization of the species, mainly compared to congeneric residents
in the lagoon (Acartia margalefi Alcaraz (1976), Paracartia latisetosa Krichagin (1873), and Acartia clausi
Giesbrecht (1889)). The study will focus on abundance, distribution, and niche interactions of the
Acartiidae community to address the question of niche separation and to investigate multidimensional
niche breadths under a temporal and trophic gradient.

The work aims to identify which ecological factors are most important for A. tonsa population
structure and organization and to provide a possible key to disentangle the roles of Acartia lagoon
dominant species based on their niche characteristics. Identification or exclusion of possible overlaps
among realized niches in the space of considered environmental variables will aim to highlight the
specialization of each species and the relevance of coexistence mechanisms in the structuration of
the community. Combining spatial and temporal frames in the three different periods taken into
consideration, along a gradient from the mainland to the inlets, determining species’ relative abundance
distributions (RADs) in a given habitat and time will support the comparison of the reciprocal position
of the species of interest within the mesozooplankton community and also how they eventually
interacted in a competitive way.

2. Materials and Methods

2.1. Study Area

The Lagoon of Venice is a large Mediterranean lagoon with an area of approximately 500 km2

stretching along the northwest coast of the Adriatic Sea (Figure 1). Three inlets connect the lagoon
to the sea, and its general circulation results from the superposition of tide, wind, and topographic
control [26,27]. The effective renewal rate of water is on the order of a few days for the areas closest
to the inlets and up to a month for the innermost areas [26,28]. Its depth is very shallow, some 1.3 m
on average and more than 10 m in the deepest channels connecting the three inlets with the city of
Venice and with the industrial area of Marghera. The Lagoon of Venice is surrounded by urban and
industrial areas. Moreover, fishery, mariculture, and tourist activities are very developed. Because of
the complex interplay of the variety of simultaneously occurring stressors, the lagoon experiences high
variability in most of the environmental parameters, showing high habitat heterogeneity [29,30].

142



Water 2019, 11, 1200

 
Figure 1. Study area (Lagoon of Venice, Italy) and location of sampling stations during 1975–1980 (grey
triangles, including Lido), 1997–2002 (black circles), 2003–2004 (grey squares), and 2014–2017 (black
triangles, including San Giuliano, Marghera, Fusina, and Lido).

2.2. Zooplankton and Environmental Variables Datasets

Four zooplankton datasets (DSs) from surveys carried out in the Lagoon of Venice were considered
in this study: the first dataset refers to the situation before the settlement of A. tonsa (DS1: period
1975–1980, monthly sampling) and the three after the first record A. tonsa in the lagoon (DS2: period
1997–2002, monthly sampling; DS3: period 2003–2004, monthly sampling; and DS4: period 2014–2017,
seasonal sampling).

The first dataset (DS1), concerning data prior to the establishment of A. tonsa, was used for RAD
analysis to compare the different relative species’ abundance distributions as a function of the presence
of A. tonsa along an expected environmental gradient from the sea to the mainland (Lido inlet, Crevan,
Dese; Figure 1). The second dataset (DS2), the most evenly distributed in terms of spatial and temporal
coverage, was used to investigate patterns and trends of A. tonsa almost immediately after its first
record in an intermediate area of the lagoon, called Palude della Rosa. In this case, zooplankton
samplings were collected from May 1997 to April 2002 at five stations located in the northern part
of the lagoon (San Giuliano, Marghera, Fusina, Lido, and Palude della Rosa; Figure 1) characterized
by a complex interplay of freshwater and marine inputs [26,28] and by anthropogenic pressure [31].
San Giuliano collects urban waste water from the town of Mestre, where phytoplankton blooms often
develop [32,33]. Marghera is influenced by industrial pollution. Fusina is affected by thermal pollution
from a thermo-electric power plant. Lido, in the northernmost inlet of the lagoon, is characterized by
substantial lagoon shelf exchanges. Palude della Rosa is a typical lagoon environment, influenced both
by freshwater and, to a lesser extent, by shelf water transported this far by tides.
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The recent spatial distribution of A. tonsa populations in the lagoon, and its potential diverse
response in areas subjected to different natural and anthropogenic influences, were investigated
through the analysis of samples derived from monthly samplings, from April 2003 to March 2004,
at six stations inside the lagoon and one station in the Adriatic Sea site just outside the Lido inlet
(third data set DS3, Figure 1). Thus, with respect to the 1997–2002 stations, this dataset provided
more coverage and representativeness of different areas in the lagoon with different natural and
anthropogenic stressors, including a station on the outer shelf. Station 1M (Figure 1) was chosen to
verify the presence of the species in the coastal sea, whereas the other stations were selected based on
the following rationale: station 2B was influenced by freshwaters; station 7B collected urban waste;
station 9B was affected by thermal pollution; station 11B was located in an intermediate area between
northern and central lagoon basins; station 14B was in a site with seagrass meadow; and station 17B
was located in the southern lagoon basin (Figure 1). Station 1M was not sampled in September 2003
and February 2004, and station 17B was not sampled in April 2003. All samples reported abundances of
phytoplankton and mesozooplankton organisms as well as physical and chemical parameters related
to water quality, in particular: temperature, salinity, dissolved oxygen, chlorophyll a, and particulate
organic carbon (POC).

Samples related to the most recent period 2014–2017 (DS4) were used to confirm the presence and
distribution of A. tonsa ten years after the previous survey along a gradient from the inner lagoon to
the outer shelf. In this case, eight stations were sampled. The Inside station (Figure 1) was located in
the inner channel inside the industrial harbour of Marghera, Port1 was in the lee of the cruise ships
docks, 7M was at the yachting mooring docks, and PTF was the CNR Acqua Alta Oceanographic
tower (http://www.ismar.cnr.it/infrastructures/piattaforma-acqua-alta), situated few miles offshore the
lagoon in the Northern Adriatic. The remaining four stations corresponded to Marghera, Fusina, San
Giuliano, and Lido sites of the period 1997–2002. All the considered 65 samples reported abundances
of mesozooplankton organisms (66 present taxa) as well as physical and chemical parameters related
to water quality, in particular: temperature, salinity, dissolved oxygen, chlorophyll a, nutrients, and
Secchi disk.

Sampling procedures and analyses were performed in the same way for all datasets; thus, data
from different years and projects were homogeneous and comparable with each other. Zooplankton
samples were collected by a plankton horizontal sampler (200 μm mesh net size) and preserved with
borax buffered formaldehyde for microscopic analysis. Taxonomic and quantitative zooplankton
determinations were performed using a Zeiss stereomicroscope at the lowest possible taxonomic level
(species for copepods and cladocerans). Each sample was poured into a beaker with 200 cm3 of filtered
seawater to allow a thorough mixing for random distribution of the organisms. At least four aliquots
of the samples were analysed while the entire sample was checked against the identification of rare
species [34,35]. Phytoplankton samples resulting from the DS3 were collected in 250 cm3 dark glass
bottles and fixed with 10 cm3 of 20% hexamethylentetramine buffered formaldehyde [36]. Counts were
taken according to Utermöhl’s (1958) [37] method, using an inverted microscope (Zeiss Axiovert 35)
after 2 to 10 cm3 subsamples had settled for 24 h [38]. Temperature, salinity, and dissolved oxygen
were measured in situ using a CTD (Conductivity Temperature Depth) Idronaut Ocean Seven 316
Multiprobe. Particulate organic carbon (POC) was determined using a CHN (Carbon Hydrogen
Nitrogen) analyser [39], whereas surface chlorophyll a (Chl a) was analysed with spectrophotometric
methods [40].

2.3. Statistical Analyses

In order to characterize and explain the A. tonsa population dynamics and trends after its arrival
in the lagoon, a seasonal Kendall test (SK) [41] was performed over the data set 1997–2002 (DS2).
The test performed the Mann–Kendall (MK) trend test for individual seasons of the year, where season
was defined by the user (here, corresponding to monthly values). It then combined the individual
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results into an overall test to depict whether the dependent variable changed in a consistent direction
(monotonic trend) over time or not.

To ascertain if species abundances and environmental parameters were associated, the
nonparametric Kendall rank correlation test was carried out [42] on the 2003–2004 dataset (DS3).
A correspondence analysis (CA) [43] was carried out on this dataset to highlight the possible
relationships and groupings between stations (representative of different habitats) and zooplankton
species (proxy of different water masses). CA is the most suitable statistical technique to analyse
enumerative data [44]. As it is based on the chi squared metric, this algorithm automatically weights
both low and high frequencies. The dataset was organized in a species⁄station matrix. Statistical
analyses were performed using MATLAB® software.

Species RADs were used to support the comparison of the whole zooplankton community
throughout the four decades and the different habitats covered by the available datasets. In particular,
three types of habitats were identified along a gradient from the mainland to the sea: the innermost
shallow zones characterized by low water circulation (inner), the inlet areas at the interface between
the lagoon and the Adriatic Sea with strong marine characters (inlet), and the transition areas with
less direct links to the sea (intermediate). For these three habitats, all available samples of each
of the three decades (decade D1: 1975–1985, from data set DS1; decade D3: 1995–2005, from data
set DS3; recent period D4: 2005–2017, from DS4) were integrated to obtain 3 × 3 snapshots (before
invasion, early settlement, and more mature condition in each habitat) of the RADs of the overall
zooplankton community.

Relationships between environmental variables and zooplankton community composition in the
current decade (D4)—with particular focus on A. tonsa and the congeneric A. margalefi, P. latisetosa, and
A. clausi—were studied using an outlying mean index (OMI) analysis through the ‘ade4’ package in R,
extended to the overall zooplankton taxa (dataset DS4). OMI analysis [45] is a multivariate technique
to perform niche analyses of species assemblages and explore the relationships between environmental
gradients and community structure. The focus is on a specialization criterion called OMI index (i.e.,
species marginality), which measures the distance between the average habitat conditions used by
each species and the average habitat conditions of the sampling area. To characterize the realized niche
of each species, the analysis extracts two other terms: the tolerance index (Tol), which measures the
habitat breadth of the species, and the residual tolerance (RTol), which represents the variance in the
species niche not explained by the measured environmental variables.

3. Results

During the decade before the first record of A. tonsa in lagoon (DS1), the mesozooplankton
community was composed of more than 40 taxa, with a weak decreasing gradient of overall richness
from the inlet (46 taxa) to the intermediate areas (43 taxa) and to the inner zone (41 taxa). Among them,
copepods were represented by 24 species, and Acartiidae largely dominated the community with
A. clausi being the most abundant taxon in every habitat. The species A. tonsa was not present in any
sample of DS1, even in the innermost areas, where the three dominant species (A. clausi, A. margalefi,
P. latisetosa) represented more than 80% of the overall community.

Conversely, over the analysed 1997–2002 period (DS2), A. tonsa reached higher abundances at
the inner lagoon stations San Giuliano (Figure 2) and Palude della Rosa (Figure 2) and constituted
about 90% of the lagoon mesozooplankton community (Figure 3). Seasonal cycles (Figure 2) showed
that the species was, generally, nearly absent in the cold season while annual peaks in abundances
were reached in summer. The population started to rapidly increase in May, when suitable water
temperatures (>15 ◦C) assisted the growth, and decreased in fall. Annual maxima were reached in
different months, depending mainly on the station features. San Giuliano and Palude della Rosa,
the stations with larger abundances, had annual peaks in July.
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Figure 2. Box plot of monthly A. tonsa abundance from the dataset 1997–2002 for the five sampled
stations (San Giuliano, Marghera, Fusina, Lido, and Palude della Rosa). The cross (μ) indicates the
average, 25–75% indicates the interquartile range, and 10–90% indicates the interdecile range.
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Figure 3. Relative abundance, station by station, of A. tonsa with respect to the other Acartia species
and the remaining zooplankton during the 1997–2002 period.

SK analysis showed a statistically significant increase of the species only at the San Giuliano station
(Table 1) along with total zooplankton abundance. The positive trend of total zooplankton appeared
to be due to A. tonsa exclusively. At Palude della Rosa, the second station in order of abundance,
the trend of A. tonsa and total zooplankton abundance was also positive, although not statistically
significant (Table 1). In the other stations, where A. tonsa abundance was generally lower and reached
the minimum at Lido station, the trend was found to be negative and not significant (Table 1).

Table 1. Results of the seasonal Kendall test (1997–2002 period).

Acartia clausi Acartia margalefi Acartia tonsa Total
Zooplankton

San Giuliano
Tau −0.121 −0.577 0.243 0.300

p 0.311 0.000 0.040 0.011

Fusina
Tau −0.125 −0.687 −0.009 −0.008

p 0.303 0.000 0.943 0.943

Marghera
Tau −0.346 −0.728 −0.153 −0.142

p 0.003 0.000 0.199 0.228

Lido
Tau −0.144 −0.540 −0.094 −0.083

p 0.225 0.003 0.430 0.480

Palude della
Rosa

Tau −0.059 −0.688 0.078 0.067
p 0.620 0.000 0.514 0.572

Despite the positive, significant trend of A. tonsa at San Giuliano, the estimate of Sen’s slope [46]
was 30 ind (number of individuals)/m3/year. This negligible increase over time (Figure 4) may be
suggestive of a steady state of the population (i.e., a mature stage of colonization). Alongside the
significantly increasing trend of A. tonsa abundance at the San Giuliano station, SK highlighted an
opposite trend for the other representative species of the Acartia genus historically relevant in the
lagoon: A. margalefi and A. clausi (Table 1). In particular, A. margalefi significantly (in a statistical
sense) decreased at all stations, providing additional evidence of the ongoing decline in abundance of
this species.
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Figure 4. Time series of monthly A. tonsa abundance (bars) along with a 12-month running mean and
median and Sen’s trend line at the San Giuliano station during 1997–2002.

Analyses related to the April 2003 to March 2004 period (DS3) allowed characterization of the
actual distribution of A. tonsa over an environmental gradient in the Lagoon of Venice. The presence of
a decreasing gradient of salinity can be noted, shifting from stations near inlets to stations well inside
the lagoon (Table 2). Higher mean salinity values were found at station 14B, which was located near an
inlet and, therefore, directly influenced by tidal exchanges, and the marine coastal station 1M (Table 2).
Lower salinity values were observed at the innermost stations (2B, 7B, and 9B). The presence of A. tonsa
at station 1M was negligible and exclusively was due to ebb tidal transport, as this species is usually
not resident in marine waters. Indicators of trophic water quality—particulate organic carbon (POC),
Chl a concentration, and phytoplankton abundance—showed an opposite gradient with respect to
salinity, with the larger values at stations 2B, 7B, and 9B (Table 2). The species recorded the largest
abundances in those stations (2B and 9B) where POC, Chl a, and phytoplankton values were high and
where also the mean annual mesozooplankton abundances were highest (6386 ± 10,327 and 4892 ±
11,350 ind m−3 respectively; Table 2). Lowest abundance at the site 14B corresponded to the lowest
concentrations of POC and Chl a as well as low phytoplankton abundance (Table 2).

Percentage contributions of the most abundant taxa to total zooplankton community in each station
are reported in Table 3. A few species, such as the copepods A. tonsa, A. clausi, Paracalanus parvus Claus
(1863), and Centropages ponticus Karavaev (1895), were always present in the zooplankton community
over the whole investigated area with a percentage contribution greater than 76%. A. tonsa was the
most abundant in all lagoon stations with the exception of 14B and 1M stations, which were dominated
by A. clausi. The percent contributions of the codominants P. parvus and C. ponticus were generally
lower than 5% except for the 14% contribution of P. parvus at site 1M. The cladoceran Penilia avirostris
Dana (1849) was present only at the marine coastal station 1M. The other taxa (i.e., decapods larvae)
contributed with low abundances to zooplankton composition.
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With respect to the entire zooplankton community, total abundances increased in late spring
and summer at all stations except 1M where, instead, spring maxima were observed in May
(17 × 103 ind m−3) and June (8 × 103 ind m−3) mainly because of the copepod A. clausi (Figure 5).
Similar to the datasets 1997–2002 (DS2), the warm season corresponded to the maxima in abundances
of A. tonsa. In general, the main mesozooplankton groups showed seasonal fluctuations with maxima
during warm periods; copepods dominated throughout the year. A. margalefi showed very low
abundances (maximum mean value of 10 ind m−3 in June), while P. latisetosa was never found. The rest
of the zooplankton community was mainly represented by the meroplankton, especially by decapod,
gastropod, and cirriped larvae during the spring and summer periods (Figure 5).

Figure 5. Monthly abundance of A. tonsa with respect to other Acartia species and remaining zooplankton
at coastal station 1M (top panel) and at lagoon stations (bottom panel) for the 2003–2004 period.

A match between abundances and distribution of A. tonsa and environmental parameters emerged
from the Kendall rank correlation test for DS3 (Table 4), which showed that A. tonsa was the only
species of dominant copepods positively and significantly correlated with temperature, phytoplankton,
POC and Chl a concentrations, as well as A. margalefi species. However, the positive correlation of
A. margalefi with POC was not significant. With respect to the same parameters, the congener A. clausi
showed the opposite correlation and was not statistically significant.
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Table 3. Mean percentage contributions of the most abundant species/taxa at the seven stations for the
2003–2004 period.

1M 2B 7B 9B 11B 14B 17B

Acartia clausi 69 1 21 1 8 59 4
Acartia tonsa 1 94 59 91 79 10 87

Centropages ponticus 4 1 2 1 2 2 1
Corycaeus spp. 1

Harpacticoid spp. 3 2 1
Oithona similis 1 6

Oncaea spp. 2
Paracalanus parvus 14 2 4 2 5 5 2

Pseudocalanus elongatus 1 1 1 1
Penilia avirostris 1

Podon polyphemoides 3
Chaetognaths 1

Cirriped larvae 1 1
Decapod larvae 6 2 3 1 1

Fish eggs 1 1
Gastropod larvae 2

Table 4. Results of the Kendall rank correlation test at seven stations for the 2003–2004 period.
Statistically significant values are marked in bold.

Temperature Salinity Oxygen

Dissolved
Inorganic
Nitrogen

(DIN)

Chlorophyll a

Particulate
Organic
Carbon
(POC)

Phytoplankton

(◦C) (%) (μg L−1) (μg L−1) (μg L−1) (cell L−1)

Acartia clausi −0.15 −0.09 0.02 0.09 −0.03 −0.03 −0.10
Acartia margalefi 0.38 −0.07 0.09 −0.31 0.31 0.24 0.35

Acartia tonsa 0.49 0.12 −0.17 −0.48 0.54 0.45 0.62

Centropages ponticus 0.49 0.41 −0.25 −0.54 0.35 0.25 0.44

Corycaeus spp. −0.54 −0.05 0.14 0.39 −0.43 −0.37 −0.53

Harpacticoid spp. 0.17 −0.07 0.01 −0.10 0.20 0.23 0.12
Oithona similis −0.43 −0.07 0.20 0.24 −0.30 −0.21 −0.37

Oncaea spp. −0.39 0.05 0.02 0.23 −0.28 −0.31 −0.36

Paracalanus parvus 0.08 0.31 −0.11 −0.19 0.09 0.04 0.07
Pseudocalanus elongatus −0.58 −0.15 0.20 0.43 −0.45 −0.33 −0.48

Penilia avirostris 0.19 0.30 −0.25 −0.24 0.14 0.01 0.16
Podon polyphemoides 0.17 0.06 −0.09 −0.22 0.15 0.01 0.24

Chaetognats 0.13 0.29 −0.15 −0.23 0.11 −0.03 0.15
Cirriped nauplii 0.42 0.10 −0.18 −0.35 0.41 0.31 0.33

Decapod larvae 0.36 0.25 −0.20 −0.46 0.37 0.30 0.42

Fish eggs 0.44 0.24 −0.17 −0.41 0.39 0.19 0.42

Gastropod larvae 0.19 0.21 −0.11 −0.24 0.13 0.05 0.08

The CA was suggestive of a separation of the stations into one main group, which included lagoon
stations 2B, 9B, 17B, 11B, and 7B, and the other two isolated stations located (i) in an area filled by
seagrass in the central basin close to an inlet (14B), which was heavily influenced by tidal exchanges,
and (ii) the coastal station 1M (Figure 6). The main group, associated mainly with inner lagoon sites,
included all stations where A. tonsa dominated and where all trophic parameters favored its abundance.
These stations had common species compositions because their species percentage distributions were
similar with respect to all other stations. In fact, the same species percentage distribution considerably
differed at the inlet station 14B and coastal station 1M. Indeed, Figure 7 shows that station 14B was
characterized by a more heterogeneous community at the taxa level, and that higher percentages of
marine taxa prevailed at station 1M such as appendicularians and cladocerans P. avirostris, Evadne spp.,
and Podon polyphemoides Leuckart (1859). The strictly neritic species A. clausi was found in both stations
1M and 14B, sites with high salinity and low inorganic nutrient waters, confirming the preference
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for coastal waters. Station 7B, the most distant in CA space from the other lagoon stations, was
characterized mainly by the presence of A. margalefi, fish larvae, and copepod nauplii.

Figure 6. Results of the correspondence analysis (CA) performed on seven stations and total annual
abundances (May 2003–April 2004). The first letter of each species’ name corresponds to the actual
position on the CA space. For enhanced readability, only species with relative abundance >5%� are
shown. Stations B2 and B9 as well as Polychaeta larvae, Decapoda larvae, and Cirripeda nauplii species
have been moved from their respective original positions, indicated by the black lines.

Figure 7. Relative abundance, station by station, of A. tonsa with respect to the other Acartia species
and the remaining zooplankton during 2003–2004 period.

Data related to the last period 2014–2017 (DS4), though only seasonal, confirmed the presence
and the dominance of three principal Acartia species inside the lagoon: A. margalefi, A. clausi and
A. tonsa. A different distribution of these species along physical and trophic gradients was also found:
A. margalefi coexisted with A. tonsa mainly in the intermediate lagoon areas (Figure 8). Both virtually
disappeared at stations with marine features (Lido and PTF) where A. clausi instead dominated.
P. latisetosa was found with very limited abundance in the inner lagoon stations (Inside, Marghera, and
Fusina) only in May 2014 at 4 ind m−3 or less.

152



Water 2019, 11, 1200

Figure 8. Seasonal relative abundance of A. tonsa with respect to other Acartia species and remaining
zooplankton at stations for the 2014–2017 period. Data related to 7M, Port1, and inside refer only to
May 2014, October 2014, and February 2015 sampling dates.

RDA analysis showed that the relative rank distribution of the most representative zooplankton
species in the community changed over time and in space by comparing the periods before and after
the arrival of A. tonsa. First of all, Figure 9 shows that much of the RAD shape was steeply dominated
by the arrival of A. tonsa, especially in inner areas where the species reached maximum abundance
values and exceeded those of the congeneric ones. A. clausi maintained the most representative relative
abundance of the Acartia genus throughout the period prior to the arrival of A. tonsa and in all three
considered areas (Figure 9). It maintained the same relative rank also in the following periods but only
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in the inlet areas. In the years following its appearance, A. tonsa replaced A. clausi in the intermediate
and inner areas. P. latisetosa reached an important distribution rank only in the internal areas and
in the pre-A. tonsa period, after which it could always be found on the low-rank curve tail both in
spatial and temporal terms. A. margalefi, also with an important relative abundance, before the arrival
of A. tonsa, especially in the most typically lagoon areas (intermediate and inner), fell in rank with the
appearance of A. tonsa (D3), but then (D4) recovered in terms of presence and abundance mainly in the
intermediate areas (Figure 9).

Figure 9. Rank abundance distribution (RAD) and occurrence of the zooplankton community of
the Venice lagoon during the period of study (decade D1: 1975–1985, from data set DS1; decade D3:
1995–2005, from data set DS3; and recent period D4: 2005–2017, from data set DS4). The samples were
lumped according to the three habitat types along a gradient from the mainland to the sea (see text).
In every frame, the upper curve gives the ranked occurrence of each species in the lumped N samples;
the Acartia species’s relative ranks are highlighted along the lower RAD curve.

With an OMI analysis, we computed and tested niche parameters (Table 5) to describe marginality,
tolerance, and, thus, the variability of responses of Acartia species to environmental variables as well
as their possible niche overlap. Figure 10 shows the representation of the statistically significant
species’ realized niche position of Acartia species on the first factorial plane of the OMI analysis whose
origin represents the average habitat conditions of the sampling area. The two first axes of the OMI
analysis accounted for 81% of the marginality (69% for the first axis). As a consequence, subsequent
graphs used only these two axes. Seventeen out of 66 taxa showed a significant deviation (p < 0.05) of

154



Water 2019, 11, 1200

their niche from the origin (whereas among the Acartiidae, only A. clausi was significant, p < 0.01)
suggesting a significant influence of the environmental conditions for a relevant part of the community
(Monte-Carlo krandtest, perm = 999). Furthermore, the between-site analysis confirmed that the
environmental gradient of sites (sea, inlet, intermediate, and inner) could be discriminated through the
inhabiting zooplankton community (Monte-Carlo rtest, perm = 99, p < 0.01). In our case, the tendency
of low values of marginality for Acartia species indicated that there was no significant difference
between the average overall environmental conditions and those where the species were preferentially
found. The niches of the three typical lagoon species, P. latisetosa, A. margalefi, and A. tonsa, gravitated
around less salty and more trophic environments and also presented an evident overlap. Furthermore,
A. tonsa and A. clausi, the latter having more neritic coastal characteristics, were equidistant from the
average environmental conditions. Therefore, this showed a clear affinity, or the opposite, depending
on the environment taken into consideration: coastal marine sites for A. clausi (sea and inlet in the
chart) and lagoon for A. tonsa (intermediate and inner). In particular, A. tonsa had a low marginality
and a high residual tolerance to environmental conditions, whereas A. clausi showed an opposite
trend but was still relative low OMI values (Table 5). As for the other two typical lagoon species,
A. margalefi had the lowest value of OMI, while P. latisetosa had the lowest RTol in comparison to the
rest of the Acartia species (Table 5). This meant that A. clausi was greatly influenced by environmental
conditions, whereas P. latisetosa seemed to poorly depend on unconsidered environmental parameters
(e.g., POC). Instead, A. tonsa showed wider potential ecological tolerance. In general, most common
habitat conditions covered by the sampling units corresponded to the ubiquitous or generalist species.
In contrast, specialists, which deviated from these general habitat conditions, demonstrated high OMI
values, as in the case of P. latisetosa with respect to the other two lagoon congeners. Tol values showed
a high correlation and dependence of P. latisetosa on environmental variables, while A. tonsa, with
its high RTol, showed a greater adaptability to the variations of the ecosystem in which it gravitated.
A. margalefi had the lowest OMI and Tol values.

Table 5. Niche parameters of the 20 most abundant zooplankton taxa in the Lagoon of Venice during
2014–2017 (outlying mean index (OMI) analysis). The inertia of each species, OMI, the tolerance
index (Tol), and the residual tolerance index (RTol) are indicated. The last column (p) represents the
percentage of random permutations (out of 1000) that yielded a higher value than the observed OMI
(significant cases are in bold, p < 0.05).

Species Inertia OMI Tol RTol p

Acartia tonsa 12.76 2.80 1.35 8.61 0.497
Acartia clausi 9.37 3.13 2.08 4.15 0.012

Paracalanus parvus 11.78 3.91 2.58 5.28 0.034

Decapoda larvae 19.07 11.62 5.09 2.36 0.620
Acartia margalefi 6.37 1.66 0.90 3.80 0.880

Podonidae 7.09 2.36 0.30 4.43 0.818
Penilia avirostris 8.46 5.69 0.49 2.28 0.030

Appendicularia 9.84 3.35 2.38 4.09 0.567
Centropages ponticus 8.07 2.95 1.29 3.82 0.214

Ascidiacea larvae 14.44 10.33 1.55 2.56 0.728
Echinodermata larvae 10.35 6.66 0.79 2.91 0.015

Oithona similis 10.68 6.38 0.93 3.36 0.011

Nauplii copepoda 7.95 1.93 0.90 5.12 0.819
Evadne nordmani 7.08 5.52 0.21 1.35 0.849

Harpacticoida 13.32 1.63 2.48 9.22 0.802
Clausocalanus spp. 12.91 8.93 0.84 3.15 0.268

Oncaeidae 13.21 8.44 1.74 3.03 0.055

Bivalvia larvae 12.25 1.72 1.45 9.08 0.690
Polychaeta larvae 9.46 1.77 1.01 6.67 0.214

Paracartia latisetosa 1 9.80 4.41 3.11 2.29 0.910
1 P. latisetosa does not fall within the 20 higher ranks.
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Figure 10. OMI analysis. Realized niche position of Acartia species in the Lagoon (2014–2017 dataset).
The site scores are projected on the same first two axes of the OMI analysis, and the habitat type is
highlighted (Labels: acla = A. clausi; aton = A. tonsa; plat = P. latisetosa; and amar = A. margalefi).

4. Discussion

The occurrence of NIS is increasing in marine and estuarine systems. Among the 955 new taxa
reported for the Mediterranean Sea, 42 are planktonic copepods [47]. Their invasive behaviour has been
recognized as one of the major threats to the conservation of the biodiversity and the functioning of
marine ecosystems [48–50]. A. tonsa dated its first appearance in the Venice lagoon in 1992. Since then,
it never disappeared, and it is now present throughout the year and dominant with the exception of
colder months. The species is widespread throughout the lagoon with significant abundance except
for the areas closer to the tidal inlets, where the trophic condition is lowered and the hydro-chemical
characteristics become less favourable to the species. In the Venice lagoon, A. tonsa is currently
considered a stabilized species. The most plausible hypotheses about the introduction of this species
are that it was brought into the outer port area thanks to its ability to produce resting eggs, then via
ballast water from ships [51–53], or released by aquaculture, fisheries, or pet industries [54].

Our study showed how the trophic conditions of the lagoon system were (and still are) the
main factors that influenced its adaptive success. Unlike the other main species present within the
lagoon zooplankton communities, A. tonsa seems strongly dependent on trophic conditions, as it is
positively correlated with nutrients, Chl a, POC, and phytoplankton concentrations. The favourable
environmental conditions that the species found in 1992, fundamentally characterized by high habitat
trophic levels [55], are congruent with our current findings and to the ecological characteristics of the
species [8,15,56]. This allowed the settlement of A. tonsa in the Lagoon of Venice.

Much of the available knowledge about zooplankton communities of the Venice lagoon, mainly
copepods, derives from studies along the physical and trophic gradient of the northern lagoon.
In this area, Acartia genus usually represents a quantitative, important component of the zooplankton
communities. It shows spatial and seasonal segregation patterns associated with the hydrological
conditions, the seasonal variability, and the trophic status and pollution of the water [31,57,58].

Comparison of the whole zooplankton community throughout the four decades and the different
habitats highlighted that in the Venice lagoon, before the arrival of A. tonsa, the genus Acartia
dominated the copepod community with P. latisetosa and A. margalefi usually found in the innermost
and intermediate parts of the lagoon, respectively. In particular, in the more internal areas, A. margalefi
and P. latisetosa ranked second and third, respectively, in terms of presence and abundance, though
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P. latisetosa greatly diminished in significance in the intermediate areas. The dominant species A. clausi
ranked always first, mainly in the coastal area. This picture instead has been profoundly modified with
the passage from the first analysed decade (i.e., before the invasion of A. tonsa) to the following ones.
In fact, the current scenario shows, again, the Acartia species among the dominant species of the entire
lagoon zooplankton community, and it is always organized along a spatial gradient determined by
salinity and trophic conditions but with modified rankings in the different considered areas. A. clausi
no longer dominates all the considered sub-basins, except for the inlet area where it is, again, the
most representative species both in space and in time. P. latisetosa, whose presence and dominance
were already weak in the intermediate areas, further lost importance in the inner areas and virtually
disappeared except in spring 2014. Very little abundance of the species was observed only in the
internal channels of the lagoon (Inside, Marghera, and Fusina stations). We argue this could either
be due to its segregation in more confined and not yet investigated areas or to the occupation of its
original habitat by A. tonsa. In the presence of a large salinity and trophic range, the Acartia species
coexist in time with a strong spatial segregation that shows A. clausi limited to the inlet and coastal
areas, A. margalefi in the intermediate area, and partly overlapping with A. tonsa that dominates in the
innermost areas.

During the second decade (1995–2005), coinciding with the first phase of stabilization of the species
after its first occurrence dated 1992, A. tonsa seems to clearly supplant the A. clausi and A. margalefi
congeners in the intermediate and mostly internal areas, whereas occupation of A. clausi near the
lagoon mouths failed. It is interesting to note that, in more recent times (2005–2017), A. margalefi
appears to be recovering its original ranking, returning to coexist with A. tonsa in the intermediate areas.
As reported in other Adriatic lagoons [59,60], the arrival of A. tonsa may have caused the disappearance
or drastic decrease of congeneric species, and the current coexistence of A. tonsa and A. margalefi is
probably favored by a greater resilience of the latter as well as a return to more favorable environmental
conditions always for the latter (decline in nutrient concentration and increase in ecological status) [61].

Therefore, among the main factors that seem to have favoured the adaptive success of A. tonsa
compared to its congeners, we can ascribe the deterioration of the environmental conditions during the
1970s and the 1980s to when the lagoon of Venice was affected by abnormal inputs of pollutants and
trophic loadings, mainly phosphorus and nitrogen compounds, which induced massive macroalgae
growth (Ulva rigida C. Agardh, 1823) whose decomposition in summer led to frequent dystrophic
crises [62–65]. Later, during the 1990s, the Lagoon of Venice experienced significant changes in both
primary production and trophic conditions. In particular, Ulva coverage rapidly declined [64], mainly
because of climatic changes and the increase of sediment resuspension and sedimentation [66]. As a
consequence, since the end of 1980s and through the 1990s, the presence patterns of Acartia species also
changed the mesozooplankton composition of the lagoon.

Within this scenario, and knowing that A. tonsa can tolerate low dissolved oxygen concentrations
and adapt well to hypoxia [67,68], we hypothesized that the hypoxia and hypertrophy in the inner
lagoon area could not have hindered the settlement of A. tonsa whose adaptive success almost seemed
to have benefited. Our results seem to support the hypothesis that, after a first important collapse
of A. margalefi coinciding with the deterioration of environmental conditions and with the advent
of A. tonsa, the first remained segregated in the intermediate areas of the lagoon, leaving A. tonsa to
the innermost ones. Given the niche overlap that emerged from the OMI analysis, it is quite clear
that competition for the same resources may be one of the main factors affecting the coexistence of
the different Acartia in the same area, and that the observed decline in abundance of P. latisetosa and
A. margalefi could be linked to changes in environmental conditions during the 1980s that favored
A. tonsa development. Acartia genus is known to have both herbivorous and omnivorous feeding
habits, depending on the environmental resources [69], although little knowledge exists about the
nutritional requirements of A. margalefi [70]. The available studies report that P. latisetosa probably
has an omnivorous or detritivorous diet just like A. tonsa [71]. Our analyses suggest for these two
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congeners a stricter dependence on the considered trophic variables resulting in a stronger competition
for food with A. tonsa.

Therefore, change in distribution and size of the populations of A. margalefi and P. latisetosa
occurred from the second half of the 1980s to the present. This probably depended on the success
of recruitment that, in turn, could have been influenced by the system’s trophic conditions but also,
consequently, by the presence of effective competitors such as A. tonsa, which are also known to be
an active predator of early larval forms. Competition with other copepods, especially congeneric,
appears to be the main documented impact of A. tonsa (e.g., [4,51,52,72,73]) besides being known that
A. tonsa species may coexist with indigenous Acartiidae (e.g., [6]) or exclude them by competition [5],
as suggested in some Mediterranean systems [57,59,60], where it seems that A. margalefi and A. clausi
are not able to settle down in large populations in areas colonized by A. tonsa [59,74].

This may indicate that large-scale changes, as well as a biotic interactions with the species and
mainly with the “new” species A. tonsa, might be responsible for the evolution in the lagoon of Venice
of different dominant copepod associations with respect to the past. The triggering phenomenon seems
to have been the anthropic action on such a delicate and dynamic ecosystem, whose impact A. tonsa
took advantage of.

Currently A. tonsa dominates the intermediate and internal areas of the lagoon, and it reaches
the highest population abundance to the detriment of the indigenous congener species. The process,
initially favored by the negative effect of changes in environmental conditions, worsened because a
clear niche overlap emerged, which was confirmed by our study, in particular between A. tonsa and
A. margalefi with A. tonsa benefiting from the point of view of trophic resources. The extent of its area of
distribution in the lagoon confirms its euryhaline species characteristics and its excellent adaptability
to instantaneous variations in habitat conditions. At present, the lagoon is oligo-mesotrophic over a
great part of its surface [61] and dominated by areas classified as polyhaline (18 to 30 salinity) that
correspond to the optimal development of A. tonsa (salinity ranging from 15 to 22), where the lowest
salinities limit its egg production [75].

The adaptive success of A. tonsa with respect to its congener in the Lagoon of Venice corroborate the
findings that A. tonsa is an opportunistic, tolerant species that can take advantage of eutrophic/impacted
ecosystems [4,9,31,76,77] and invade them.

Restriction of A. tonsa distribution offshore seems mainly influenced by food availability and less
by the salinity. In the Lagoon of Venice, A. tonsa can sustain the high energy requirements. Moreover,
competition with true marine copepods is reduced because of the habitat selection that takes place
along the lagoon–sea gradient. It is also probable that the spatial width and heterogeneity of the
Venetian lagoon favored and allowed the gradual recovery of the community of A. margalefi in recent
years, which we observed in the present work. Succumbing to the highly competitive level of the
alien A. tonsa, A. margalefi seems to have rediscovered a niche that does not completely overlap that of
A. tonsa right along the saline and trophic gradient that exists in the lagoon.

The reports of new NIS in the Venice lagoon—the copepods Pseudiaptomus marinus Sato
(1913), Oithona davisae Ferrari F.D. and Orsi (1984), and ctenophore Mnemiopsis leidyi A. Agassiz
(1865) [53,78]—are also very recent. The latter, reported for the first time in the lagoon in 2016, is still
present throughout the year, and its strong predator characteristics on the planktonic component [78]
could revolutionize again the structure of the Acartia genus and in general of the zooplankton
communities in a few years. Copepods are important components of the pelagic food web, as they are
themselves food resources for numerous bentho-pelagic invertebrates and planktivorous juveniles
of fishes. The advent of new species capable of competing for the same resources, as M. leidyi, could
trigger a process at the base of the trophic levels that would affect the highest ones. So, the story of an
invasion could therefore not have ended here.

158



Water 2019, 11, 1200

5. Conclusions

The Lagoon of Venice has been recognized as a hot spot for the introduction of nonindigenous
species [25]. Several anthropogenic factors (industrial and urban pollution, mariculture, shipping, and
tourism) as well as environmental stressors (e.g., warming) concurred to make this ecosystem ideal
for invasion as in other estuaries and coastal areas of the Mediterranean. In this work, four datasets
of mesozooplankton were examined, with particular emphasis on Acartiidae and the alien species
A. tonsa. The first dataset, dated 1975–1980, was used as a term of comparison before A. tonsa settlement.
The second dataset (during 1997–2002) was used to investigate the seasonal cycle and temporal
trends. The third dataset (2003–2004) was used to underpin the spatial variability of abundance
and species composition, and the last dataset (the recent period until 2017) was used to confirm the
presence of A. tonsa several years later. The selected trend test on A. tonsa abundance did not point
out significant overall increases in the period 1997–2002, but it did point out increases in one single
station (the most eutrophic one). This may be suggestive that the population has reached a mature
stage of colonization in the lagoon. The annual cycle showed maxima in the warm season (mostly
July) and negligible abundances in the cold season. Spatial distribution of A. tonsa was found to be
significantly, positively associated with temperature, phytoplankton, POC, chlorophyll a, and counter
gradient of salinity, which confirmed that A. tonsa was an opportunistic tolerant species that could take
advantage of eutrophic ecosystems. This would seem to have occurred at the expense of the previously
dominant species A. margalefi and P. latisetosa, which clearly declined in abundance over the last years.
While P. latisetosa almost disappeared, A. margalefi was not completely excluded. Stations inside the
lagoon showed similar species compositions remarkably different from the station in the outer shelf,
which was more representative of coastal conditions and dominated by A. clausi. In 2014–2017, A. tonsa
was found to be still one of the dominant Acartia species in the lagoon.

Zooplankton is known to be particularly sensitive to environmental changes, whether resulting
from natural or anthropogenic forcing [79–82]. The interaction between anthropogenic activity, climate
change, and plankton communities, focusing on systematic changes in plankton community structure,
abundance, distribution, and phenology over recent decades, is a key global issue as well as the
potential socioeconomic impacts of these changes [83]. In environments of relentless evolution such
as the Lagoon of Venice, monitoring the ecological dynamics of species is of the utmost importance.
In particular, continuous modifications in zooplankton assemblages in response to anthropogenic
and environmental stressors must be considered. Ongoing plankton monitoring in the LTER site of
the Lagoon of Venice will act as sentinel research to identify future changes in this complex, heavily
impacted ecosystem and its related food web.
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Abstract: To reveal the effects of Asian dust and phosphorus (P) input on the structure and function
of micro-food web in the Yellow Sea, an experiment was conducted onboard the southern Yellow Sea
where P was deficient. The response of the abundance and trophic structure of planktonic protists to
different concentrations of dust and P were studied. The results showed that the sand-dust deposition
presented variable effects on different sizes of protists during incubation periods. At the initial
stage of incubation with dust, the amount of all sizes of autotrophic protists, especially 10–20 μm,
were improved; on the contrary, the heterotrophic and mixotrophic protists were inhibited. At the
late period, the increase of autotrophic protists was restricted, while the 2–5 μm heterotrophic and
mixotrophic protists obviously increased. Similarly, adding P demonstrated the obviously positive
effect on the 10–20 μm autotrophic protists at the initial period, and then the growth was restricted
at the late period. These results were consistent with that of sand-dust deposition. Hence, it could
be presumed that the positive effect of sand-dust deposition on autotrophic protists in the southern
Yellow Sea was achieved by the release of P from dust. P in the early stage of sand-dust deposition
promotes the growth of large-size autotrophic protists, which may accelerate red tides in eutrophic
ocean. The stimulation of small-size heterotrophic protists at the late period of sand-dust deposition
contributed to the material cycle and food transmission in the ocean. Therefore, the effects of sand-dust
deposition on the abundance and trophic structure of different sizes of planktonic protists could
change the structure of micro-food web in the southern Yellow Sea and further affected the ecological
function of planktonic protists.

Keywords: Yellow Sea; sand-dust deposition; protists; trophic structure

1. Introduction

The Yellow Sea, as one of the four marginal seas in China, is an area where land, ocean
and atmosphere interact more intensely with concentrated human activities and marine economic
development. It owns abundant natural resources and developed coastal economy. Previous studies
found that the Yellow Sea was intermittently restricted by phosphorus (P) [1,2], which leads to a
constant changing process of protists trophic structure in this ocean area, and then altered the ecological
functions of protists, such as nutrients utilization and transformation [3,4]. Sand-dust deposition is an
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important pathway for transporting land-based nutrients and pollutants to the ocean and providing
nutrients for the marine planktonic protists. Researchers found that sand-dust deposition held a
significant positive correlation with chlorophyll a and primary productivity [5,6]. Asian dust is an
important part of global dust, and the Yellow Sea, located in the downwind zone of the Asian dust
source area, is the greatest probability of being affected by Asian dust in China’s offshore waters.
Some studies showed that Asian dust deposited into the Yellow Sea [6–8] through a long-distance
transportation in sand-dust weather, and obvious “fertilization” phenomenon was observed to affect
the primary productivity. Thus, Asian sand-dust deposition is an important factor that affects the
primary productivity of the Yellow Sea. The nutrients carried by sand-dust [9–12] could alleviate
the phosphorus deficiency in the Yellow Sea, thereby affected the abundance and trophic structure
of marine biota. However, the effect of sand-dust on the growth of nanoplanktonic protists in the
P-limited Yellow Sea has not been reported.

Marine nanoplankton with size ranging 2–20 μm, is a key component of marine micro-food web
and they play an irreplaceable role in maintaining primary productivity and material cycle [13–15]. It is
remarkable that different size groups of nanoplankton (e.g., 2–4, 4–5, 5–7, 7–10 and >10 μm) revealed
different roles in the food web due to the variations of species and proportion [16]. As such, three size
groups, i.e., 2–5, 5–10, and 10–20 μm of nanoplankton were proposed in this study. According to the
mechanisms of energy and nutrient acquisition, nanoplanktonic protists are divided into autotrophic,
heterotrophic (i.e., protozoa) and mixotrophic protists [2,17–19]. Autotrophic nanoplanktonic protists
are the key contributor to marine primary productivity [17], Heterotrophic nanoplanktonic protists
affect the community structure and function of nanoplankton by preying on bacteria, cyanobacteria
or smaller protists [18,19], and being preyed by medium-sized zooplankton [20,21], and then flow
to a higher trophic level from the bottom of the food web [22,23]. Mixotrophic nanoplanktonic
protists own both the autotrophic and heterotrophic mode, and improve the utilization of nutrients by
changing nutritional habits [2,3,17]. Hence, the material conversion and energy flow of the marine
plankton ecosystem depends on different trophic marine nanoplankton protists. Therefore, it is of
great significance to investigate the effects of dust and phosphorus input on the abundance and trophic
structure of planktonic protists.

However, there are several blind spots that need to be further revealed in the relationship between
the sand-dust and planktonic protists. Firstly, the effect of sand-dust input on nanoplanktonic protists
is unknown. Though the sand-dust can provide nutrients during the transport process, it also adsorbs
substantial heavy metals such as copper, cadmium, plumbum, and other land-based pollutants, which
present a strong toxic effect on plankton [24,25]. Secondly, whether the sand-dust, as a supplement of
nutrients, can effectively compensate for P limitation in the Yellow Sea is still unclear. Thirdly, it is
difficult to accurately distinguish the ecological functions of different species due to the complexity of
marine nanoplanktonic protists.

Hence, in this study, to make a better understanding of the effects of sand-dust and phosphorus
on the abundance and trophic structure of different sizes of planktonic protists, an experiment
was conducted onboard in the southern Yellow Sea where P was deficient., the corresponding
changes of nanoplanktonic protists were following investigated according to the size groups
(i.e., 2–5, 5–10, and 10–20 μm) and trophic types (i.e., autotrophic, heterotrophic and mixotrophic
protists) [3,18,22,26–30]. The results could provide a scientific supplement for revealing the effects of
sand-dust deposition on the trophic structure and ecological function of marine planktonic protists.
Meanwhile, this study supply a supplement for further analyzing the effects of sand-dust deposition
on marine ecosystems.

166



Water 2019, 11, 1188

2. Materials and Methods

2.1. Sand-Dust Preparation

In this study, sand-dust samples were collected from the surface soil of Hunshandake Sandy Land
(42◦22′28′′ N, 112◦58′34′′ E) in May, 2011. The samples were stored at −20 ◦C until use. The large
stone in sand-dust samples was eliminated by a sieve with 20 μm of pore in diameter and then aged
artificially as the previous method [31]. To analyze the concentrations of nutrients, DOC and trace
metals in the sand-dust, 30 min of ultra-sonication treatment for the sand-dust was conducted under the
temperature of about 0 ◦C. The contents of nutrients were analyzed by an ion chromatograph (ICS-1100,
Dionex Corporation, Bannockburn, IL, USA). Heavy metals were analyzed by an inductively coupled
plasma mass spectrometry (ICP-MS-7500c, Agilent Technologies, Palo Alto, CA, USA). Dissolved
organic carbon (DOC) was determined by the high temperature combustion oxidation method (TOC-V,
Shimadzu Corporation, Kyoto, Japan). The contents of nutrients, DOC and dissolved trace elements in
sand-dust are shown in Table 1.

Table 1. Concentrations of nutrients, Dissolved organic carbon (DOC), dissolved trace metals in
the sand-dust.

Ingredients
Nutrients and DOC (μmol mg−1) Dissolved Trace Metals (μg g−1)

NO3
− NO2

− NH4
+ PO4

3− DOC Fe Cu Zn Pb As Ni Cd Cr

Concentration 0.53 0.03 0.01 0.004 7.20 473.12 0.23 4.27 0.24 0.09 7.08 0.04 0.13

2.2. Onboard Culturing Experiment

In November 2014, an onboard artificial sand-dust deposition experiment was carried out on
the ‘Dongfanghong NO.2’ scientific research ship at H03 station (36◦06′00′′ N, 121◦39′00′′ E) in the
southern Yellow Sea. The location of sampling station H03 is shown in Figure 1. Surface seawater was
collected by using a shipborne CTD water collector (USA). The collected seawater was immediately
filtered by a silk membrane with pore of 20 μm, to remove micro, small, medium and large plankton.
The filtered seawater was filled into 1.5 L sterile polyethylene terephthalate (PET) culture bottles and
afterwards the bottles were placed in a water tank. The tank was tightly fixed on the deck without
shading. The surface seawater from the station H03 was fed into the outer layer tank to maintain the
inner bottle temperature and ensure it was the same as the surface water.

Figure 1. Incubation Station.

The culture experiment was comprised of five groups, i.e., control group, low dust group (LD),
high dust group (HD), low phosphorus group (LP), and high phosphorus group (HP). The amounts
of added dust or P (as NaH2PO4) referred to the observation data on the Yellow Sea as the previous
report [32]. The amount of added dust and P in each experiment group is shown in Table 2. Dust or
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NaH2PO4 were added only one time immediately after the establishment of the culture system.
All culture experiments were conducted triplicate. Samples were taken every day to determine the
protists, DOC and inorganic nutrients during the five days’ culture period.

Table 2. Experiment design and concentrations of dust and phosphorus.

Groups Treatment Concentration

Control none none
Low dust group (LD) dust 2 mg/L
High dust group (HD) dust 20 mg/L

Low phosphorus group (LP) NaH2PO4 0.2 μmol/L
High phosphorus group (HP) NaH2PO4 1 μmol/L

2.3. Sample Collection and Measurement

2.3.1. Nanoplanktonic Protists Samples

Nanoplanktonic protists samples were collected at 8 a.m. each day during the incubation
period. Before sampling, PET culture bottles were slowly inverted for three times to uniformly mix
nanoplankton in the incubation system. There was 10 mL seawater obtained from the culture bottle
and then transferred into the sterile freezing tube. Immediately, 10% (w/v) paraformaldehyde was
added into the tube to fix protists (for paraformaldehyde, the final concentration was 0.5% (w/v)). After
slightly mixing, the tubes were quickly frozen in a liquid nitrogen tank and then transferred to the
refrigerator at −80 ◦C for storage. Three parallel samples were taken at one time.

The abundances of different sizes of nanoplanktonic protists were counted by a flow cytometry
(BD C6 plus) at different wavelength of fluorescence, as explained by Christaki et al. (2011) [16]
and Zubkov et al. (2007) [33]. The sample was stained by SYBR Green I, then determined by flow
cytometry with excitation wavelength 488 nm. The trophic mode of the protists was determined by
green fluorescence (FL1, 530 ± 20 nm) and red fluorescence (FL3, >630 nm), the protists which showed
high FL1 value and low FL3 value were heterotrophic, the protists with high FL1 value and high FL3
value were autotrophic, the rest of protists were mixotrophic. The size of protists were measured by
calibration beads (2, 5 and 10 μm).

2.3.2. Dissolved Organic Carbon (DOC)

The seawater samples were filtered with a high-temperature treated GF/F filter (Whatman,
Maidstone, UK) and stored in a high-temperature treated glass bottle at 4 ◦C in the dark. The samples
were determined by using a total organic carbon meter (TOC-VCPN) [34].

2.3.3. Inorganic Nutrients

The seawater samples were filtered by acid treated 0.45 μm acetic acid fibre membrane and frozen
at −20 ◦C after adding the fixative. The concentrations of different nutrients were determined by
QuAAtro nutrient automatic analyzer. NH4

+ was oxidized by sodium hypochlorite with indigo-phenol
blue (660 nm), NO3

− reduced by copper-cadmium column with naphthalene ethylenediamine
hydrochloride (550 nm), NO2

− with naphthalene ethylenediamine hydrochloride (550 nm) and
PO4

3− with phosphomolybdenum blue (880 nm) [32,34].

2.4. Data Processing and Analysis

Multivariate ANOVA in SPSS Inc. (Chicago, IL, USA) was used to analyze the significant difference
of different groups in the culture system.
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3. Results and Analysis

At H03 Station, the concentration of DOC is 79.68 μmol/L, the concentration of DIN is 2.71 μmol/L,
and the concentration of PO4

3− is 0.13 μmol/L. The N:P ration is 21 (>16) showed that H03 station
was P-limited.

3.1. Effects of Dust and Phosphorus Addition on the Abundance of Nanoplanktonic Protists

3.1.1. Changes of 10–20 μm Protists

Changes of 10–20μm protists under sand-dust and phosphorus addition are shown in Figure 2.

Figure 2. Variations in abundance of 10–20 μm protists.

The changes of 10–20 μm of protists in different concentrations of sand-dust and phosphorus
supplementation groups were different from the control. The maximum values of autotrophic and
heterotrophic protists in control group were 20 and 119 cells mL−1, respectively, appeared on the 2nd
day of incubation. The maximum values of the mixotrophic protists were 223 cells mL−1 on the first
day of incubation. The peak of HP treated autotrophic protists was 43 cells mL−1, appeared on the
2nd day of incubation, which was significantly higher than that of control (p < 0.05). The peaks of
HP treated heterotrophic and mixotrophic protists appeared on the 1st day of incubation, 393 and
571 cells mL−1, respectively, which were 3.30 and 2.56 times higher than that of control (p < 0.05).
The high value lasted for one day and then declined rapidly. The maximum values of LP treatment for
autotrophic, heterotrophic and mixotrophic protists were 26, 167, and 336 cells mL−1 on the first day of
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incubation, respectively, which were 1.30, 1.40 and 1.51 times of the control (p < 0.05). At the end of
incubation, the abundance of mixotrophic protists was 2.98 times higher than that of control (p < 0.05).

In summary, the abundances of 10–20 μm protists in P supplying groups were higher than the
control, and the maximum value of HP treated autotrophic protists was the largest. It showed that
the addition of P will promote the growth of all planktonic protists, especially when the ocean area
was P-limited. In the early stage of incubation, the higher concentration of P led to a stronger growth
promoting effect on autotrophic protists; they increased and lasted for a longer time. At the end of
incubation, the abundance of all kinds of protists in P-supplemented groups was lower than that in the
early stage, and some were even lower than that at the control group. This might be caused by the
more rapid consumption of nutrients at the early stage of incubation, and the nutritional deficiency
that appeared at the late stage. Therefore, one-time addition of P could only promote the growth of
protists in a short time. If nutrients are not supplied continuously, their growth will be limited, due to
lack of nutrients in the later period. Compared with that, the abundance of LP treated mixotrophic
protists was higher than that at control group at the late stage, which indicated that the P utilization
efficiency of mixotrophic protists in this condition might be higher.

The differences were observed between the three trophic types of protists at the sand-dust addition
groups. The abundance of autotrophic protists at HD and LD groups increased first then gradually
decreased. The maximum values were 23 and 17 cells mL−1 on the 2nd day after culture. The maximum
value of HD treatment group was 1.15 times higher than the control (<0.05). Although the peak
value of HD treatment group was lower than that of P treated group, the value on the last day of
incubation was significantly higher than that of P treated group (<0.05). The results showed that the
addition of high concentration sand-dust could promote the growth of 10–20 μm autotrophic protists,
which might be caused by the continuously supplement P from the sand-dust. The abundances of
heterotrophic and mixotrophic protists decreased first and then increased at the sand-dust adding
groups. At the initial stage of incubation, they were significantly lower than that of the control and
P adding groups (p < 0.05). At the late stage of incubation, the abundance of heterotrophic protists
in the two sand-dust groups was higher than that at control and P adding groups. The abundance
of mixotrophic protists was higher than that at control and HP groups, but lower than that at LP
group. The abundances of heterotrophic and mixotrophic protists in HD treatment group were always
higher than that of LD treatment group. Hence, the early sand-dust deposition presented an inhibiting
effect on the growth of 10–20 μm heterotrophic and mixotrophic protists, which was ascribed to
the toxic effect of the heavy metals and other harmful substances dissolved from the sand-dust [5].
The inhibition effect of sand-dust was much greater than the promotion of P dissolution. At the late
stage of incubation, the sand-dust stimulated the growth of heterotrophic and mixotrophic protists,
especially heterotrophic protists. This indicated that the heterotrophic protists gradually tolerated
the harmful substances from sand-dust. Furthermore, the nutrients dissolved from the sand-dust
including trace elements such as Fe [8,10,11] (Table 1), supplemented the nutrients requirement at
the late stage of incubation. The effect of dust was more significant for 10–20 μm heterotrophic and
mixotrophic protists at the late stage of culture.

3.1.2. Response of 5–10 μm of Protists to Sand-Dust and Phosphorus Addition

Changes in the abundance of 5–10 μm of nanoprotists in different trophic modes under the stress
of sand and phosphorus addition are shown in Figure 3.
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Figure 3. Variation of protists abundance in 5–10 μm size.

The variation trend of the abundance for 5–10 μm protists during incubation is basically the same
as that of 10–20 μm protists, while the variation range is quite different. For the control group, the peak
values of autotrophic, heterotrophic and mixotrophic protists appeared on the 2nd day of incubation
with the cell concentrations of 116, 615 and 930 cells mL−1, respectively. Compared with that, at HP
treatment group, the peak values of autotrophic, heterotrophic and mixotrophic protists were 395, 2245
and 1732 cells mL−1, which were 3.41, 3.85 and 1.86 times higher than those of control (p < 0.05). The LP
treatment groups followed the peaks of HP treatment. The maximum concentrations of autotrophic,
heterotrophic and mixotrophic protists were 176, 980, and 989 cells mL−1, respectively, higher than
those at control groups (p < 0.05), but they were significantly lower than those at HP treatment group
(p < 0.05). The abundance decrease of protists in P-supplemented groups at the late stage of incubation
might be related to the nutrient deficiency due to their rapid growth at the early stage. As such, it can
be referred that the growth of 5–10 μm planktonic protists in this ocean is also limited by P. Addition of
P can promote the reproduction of all of the planktonic protists. The higher the concentration of P,
the stronger the promotion effect on reproduction of planktonic protists. Compared with responding
results of 10–20 μm protists to P addition, it showed that the response of 5–10 μm protists to P addition
is faster, but the duration is shorter.
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Similarly, there were also differences between three trophic types of 5–10 μm protists in the
sand-dust supplementation groups during the cultivation period. The abundance of autotrophic
protists in HD and LD treatment groups increased first and then decreased. Same as P-adding group,
the largest value of HD and LD groups appeared on the 1st day of incubation, with the 150 and
123 cells mL−1, respectively. The peak value of autotrophic protists abundance in HD group was
1.29 times higher than that at control group all the time. Nevertheless it was lower than that of P-adding
group in the early stage of incubation (p < 0.05), and higher than that of P-adding group in the final
stage. It showed that the addition of high concentration of sand-dust stimulated the growth of 5–10 μm
autotrophic protists for a longer time, which might be ascribed to the release of P from sand-dust [6].
The heterotrophic and mixotrophic protists abundance of dust addition groups decreased at the early
stage of incubation, which was significantly lower than that at control group and P-adding groups
(p < 0.05). The higher concentration of dust resulted in a sharper decline, which was confirmed by
the fact that heterotrophic and mixotrophic protists abundance of HD treatment groups were always
lower than of LD group during all the culture period. Interestingly, at the late stage of incubation,
the abundance of two trophic modes protists was higher than that at P-adding groups and control
group. Hence, the growth of heterotrophic and mixotrophic protists was significantly inhibited by
the sand-dust deposition in the early stage. The higher concentration of dust presented the stronger
inhibition effect, which was related to the toxic effect of heavy metals and other harmful substances
dissolved from the dust [5]. At the late stage, the growth of protists was promoted, especially for
heterotrophs. This might be related to the increase of tolerance for protists to harmful substances and
the supplementation of nutrients dissolved from the dust.

3.1.3. Response of 2–5 μm of Protists to Sand-Dust and Phosphorus Addition

Figure 4 shows that the variation trend of 2–5 μm protists abundance is similar to that of above
mentioned two sizes of protists, but the variation ranges are quite different. For the control group,
the maximum values of autotrophic, heterotrophic and mixotrophic protists appeared on the 2nd
day of culture, which were 4071, 9491 and 11,965 cells mL−1, respectively. However, the peak values
of P supplementation groups mainly emerged on the 1st day of culture. The highest values of HP
treated autotrophic, heterotrophic and mixotrophic protists were 9303, 18,867 and 23,501 cells mL−1,
which were significantly higher than those of control (p < 0.05). The maximum values of LP treated
three trophic modes protists were 6245, 11618 and 15,240 cells mL−1, respectively, higher than those
of control (p < 0.05), but lower than those at HP group (p < 0.05). It can be seen that the growth of
2–5 μm planktonic protists in this ocean area was also restricted by P. The addition of P could promote
the growth of planktonic protists of different trophic modes. Comparably, the response of 2–5 μm
planktonic protists to P addition was faster than that of 10–20 μm protists, and the duration lasts longer
on HP treated heterotrophic and mixotrophic protists.

The changes of 2–5 μm protists abundance of different trophic modes in the sand-dust addition
groups were different. The highest abundance of HD and LD treated autotrophic protists appeared
on the 1st day of culture, same as that of P-adding groups, with the maximum values of 4860 and
4255 cells mL−1, respectively. The peak value of HD group was significantly higher than that at control
group, but lower than that at P-adding group (p < 0.05). At the late stage of incubation, HD group was
higher than those at control and P-adding groups, indicating that the addition of high concentration
sand-dust benefits to the growth of 2–5 μm autotrophic protists. This result might be related to the
dissolution of P from sand-dust [6]. For the heterotrophic and mixotrophic protists, the concentration
decreased at the early stage of incubation, which was significantly lower than that at control group
and P-adding groups (p < 0.05). At the end of cultivation, the abundance of heterotrophic and
mixotrophic protists increased, and got higher than those at control and the P-adding groups, especially
heterotrophic protists in the LD group was 2.98 times higher than at control group. The result showed
that the growth of 2–5 μm heterotrophic and mixotrophic protists, especially heterotrophic protists,
was also inhibited by the sand-dust at the initial of incubation, then been promoted in the late stage.
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Figure 4. Variation of protists abundance in 2–5 μm size.

3.2. Effects of Sand-Dust and Phosphorus Addition on the Composition of Protists

3.2.1. Effects of Dust and Phosphorus Dosage on Trophic Structure of 10–20 μm Protists

The changes of trophic structure of 10–20 μm protists under the addition of dust and phosphorus
are shown in Figure 5. The mixotrophic protists predominated in each group, accounting for 63.33%
on average, followed by heterotrophic protists, accounting for 30.68% on average. On the 1st day
of culture, the peak value of heterotrophic protists was appeared at P-supplemented groups and
the growth rate was higher than that at other groups. On the 1st day of HP addition culture,
the proportion of heterotrophic protists was higher than that at control group with 10.23%, and the
proportion of mixotrophic protists was lower than that of the control group with 10.30% (p < 0.05),
the proportion of autotrophic protists did not change obviously. At the end of the culture, the proportion
of autotrophic protists at HP group increased by 8.02% (p < 0.05) because its high growth rate
maintained for a long time, and the proportion of mixotrophic protists decreased by 7.41% (p < 0.05).
The proportions of heterotrophic protists had no significant difference among different experimental
groups (p > 0.05). The results showed that the autotrophic protists over competed heterotrophic
protists and mixotrophic protists under the P dosage condition and thus the proportion of autotrophic
protists increased significantly.
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Figure 5. Variation in the trophic structure of protists in 10–20 μm size.

The trophic structure of 10–20 μm protists in sand-dust addition groups was different from
that of P addition groups. Compared with the control group, the proportion of autotrophic protists
increased at the initial stage of cultivation, while the growth of heterotrophic and mixotrophic protists
was inhibited, and the higher the concentration of sand-dust lead to the stronger effect. On the
1st day, the proportion of autotrophic protists at HD group increased by 8.58% (p < 0.05), while the
proportion of heterotrophic protists and mixotrophic decreased compared with that of control group
(p < 0.05). However, at the end of culture, the growth rate of autotrophic protists decreased due to the
significant increase of the heterotrophic growth rate at sand-dust group, which made the proportion
of heterotrophic protists in sand-dust group higher than that at control group by 17.86% (p < 0.05),
and significantly higher than that of P addition, and the proportion of autotrophic and mixotrophic
protists decreased by 7.80% and 10.06%, respectively, compared with the control group. The results
showed that the sand-dust could stimulate the growth of autotrophic protists at early stage, but inhibit
the heterotrophic protists significantly. At the late stage, sand-dust presented a stronger promoting
effect on the heterotrophic protists.

3.2.2. Effects of Dust and Phosphorus Dosage on Trophic Structure of 5–10 μm Protists

The response of trophic structure of 5–10 μm protists to dust and phosphorus dosage is shown in
Figure 6. It showed that mixotrophic protists and heterotrophic protists were the dominant species,
accounting for 45.74% and 44.88% of the total abundance. The relative abundance of autotrophic
protists was relatively small, accounting for 9.38% on average. Compared with 10–20 μm groups,
the proportion of 5–10 μm mixotrophic protists decreased by 17.59% (p < 0.05), while the proportion of
heterotrophic protists increased by 14.20% (p < 0.05). On the first day of incubation, the growth of
heterotrophic protists was higher, the proportion of mixotrophic protists reduced. At HP treatment
group, heterotrophic protists increased by 12.16% (p < 0.05), mixotrophic protists decreased by 14.34%
(p < 0.05), and autotrophic protists decreased slightly (p > 0.05), compared with control group. At the
end of culture, at HD addition group, the proportion of heterotrophic protists increased by 20.47%
(p < 0.05), the proportion of mixotrophic protists decreased by 20.58% (p < 0.05), and the proportion of
heterotrophic protists presented little change (p > 0.05), compared with the control groups, respectively.
Hence, the 5–10 μm heterotrophic protists were more sensitive to P addition in the early stage of
culture and more competitive than the mixed and autotrophic protists. However, at the end of
culture, the autotrophic protists became more competitive and their proportion increased significantly,
indicating that P dosage had a stronger and longer effect on the growth of autotrophic protists.
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Figure 6. Variation in the trophic structure of protists in 5–10 μm size.

The trophic structure of 5–10 μm protists under sand-dust addition was different from that of P
addition. The change of autotrophic protists in sand-dust adding group was the same as that of the P
adding group. On the first day of culture, the autotrophic protists increased significantly and the higher
concentration sand-dust led to the higher scale increase. At the initial stage of culture, the proportion
of autotrophic protists at LD and HD groups increased to 16.10% and 21.65% respectively, which was
9.25% and 14.79% higher than that at control group (p < 0.05), but the growth of heterotrophic and
mixotrophic protists were significantly inhibited (p < 0.05). At the end of culture, the proportion of
heterotrophic protists at LD and HD groups increased to 53.50% and 53.76% respectively, 37.71% and
37.97% higher than that at control group (p < 0.05). These increases were significantly higher than
that at P-supplemented groups (p < 0.05). Meanwhile, the proportion of autotrophic and mixotrophic
protists decreased, especially for the HD and LD treatments, they were 34.91% and 27.91% lower than
those at control group (p < 0.05). The results showed that the early stage of sand-dust dosage had
obvious promoting effect on the growth of autotrophic protists, but inhibited the heterotrophic protists.
At the late stage, it presented stronger promoting effect on the heterotrophic protists.

3.2.3. Effects of Dust and Phosphorus Dosage on Trophic Structure of 2–5 μm Protists

Changes in the composition and trophic structure of 2–5 μm protists under sand-dust and
phosphorus addition stress are shown in Figure 7. The results showed that the mixotrophic protists
dominated in 2–5 μm protists, accounting for 45.11% of the total abundance, the heterotrophic followed
by 37.00%, and the autotrophic was about 17.89%. Compared with the 10–20 μm and 5–10 μm protists,
the autotrophic increased by 11.89% and 8.50%, respectively, meaning which reflected that the trophic
structure of 2–5 μm protists were more balanced than other sizes. On the 1st day, the protists trophic
structure in P adding groups did not change obviously compared with control group, but at the end of
culture, the proportion of HP and LP treated mixotrophic protists increased by 10.22% and 11.43%
respectively. While the autotrophic protists decreased by 12.55% and 13.41%, respectively. The results
showed that P addition presented little effect on the trophic structure of protists at the early stage,
but decreased the proportion of the autotrophic and increased the proportion of the mixotrophic at the
late stage.

The trophic structure of 2–5 μm protists under sand-dust adding changed largely. At the early
stage, the effect of sand-dust addition on the autotrophic presented the same trend as that of P
addition compared with the control. Both P and sand-dust adding improved the proportion of the
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autotrophic protists. The relative abundance of autotrophic protists at LD and HD treated groups were
28.15% and 29.26%, respectively, which increased by 8.23% and 9.15% comparing with the control.
However, the growth of heterotrophic and mixotrophic protists was inhibited. At the end of incubation,
the proportion of heterotrophic protists increased to 52.04% and 45.94% at LD and HD treatment
groups, respectively, 18.80% and 12.70% higher than that at control group. The proportion of the
autotrophic protists at LD and HD treatment groups decreased to 4.40% and 14.49%, respectively,
which was 19.05% and 8.97% lower than that at control group. The results showed that the sand-dust
deposition had a positive effect on the growth of 2–5 μm autotrophic protists at the early stage,
but increased the proportion of the heterotrophic protists at the late stage.

Figure 7. Variation in the trophic structure of protists in 2–5 μm size.

4. Discussion

According to the changes of relative abundance and trophic structure of protists by the rank
sum test of Kruskal-wallis and Nemenyi-Wilcoxon-Wilcox, it showed that P promoted the growth of
protists with the different particle sizes and the trophic modes at the early stage of culture. While
the sand-dust presented different effects on the growth of different trophic modes. It stimulated the
autotrophic but inhibited the heterotrophic and mixotrophic protists. The order of relative abundance
of autotrophic protists with different particle sizes was 10–20 μm > 5–10 μm > 2–5 μm. The order
of decreasing the proportion of heterotrophic protists with different particle sizes was 5–10 μm
> 10–20 μm > 2–5 μm; and the order of inhibiting the proportion for mixotrophic protists with
different particle sizes was 10–20 μm > 5 μm > 2–5 μm. The early stage of sand-dust deposition
obviously inhibited the heterotrophic and mixotrophic protists by the dissolution of toxic and harmful
substances in sand-dust. Mixotrophic and heterotrophic protists are the primary predator of autotrophic
protists; Pearce et al. (2011) found 42%~82% primary production was consumed by mixotrophic and
heterotrophic protists [35]. The decrease of mixotrophic and heterotrophic protists could accelerate the
growth of autotrophic protists. In this study, sand-dust addition promoted the growth of autotrophic
protists at the early stage, and the decrease of mixotrophic and heterotrophic protists accelerated this
process. The further study confirmed that sand-dust storm could significantly induce the occurrence
of red tide in the southern Yellow Sea [18,30]. Besides, the harmful inhibiting effect of sand-dust on
heterotrophic protists community would weaken the marine matter cycle and food transfer efficiency.

At the late stage of culture, P presented a prohibitive effect on the growth of protists, which was
related to the rapid growth of protists at the earlier stage, which resulted in nutritional deficiency and
growth restriction at the late stage. In the late stage of sand-dust deposition, the autotrophic protists
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were limited due to the excessive growth of autotrophic protists in the earlier stage. At the late stage,
sand-dust demonstrated stimulating effect for heterotrophic and mixotrophic protists, and the order
was heterotrophic >mixotrophic protists. As for the heterotrophic protists with different particle sizes,
the order was 5–10 μm > 2–5 μm > 10–20 μm, and for mixotrophic protists, the order was 10–20 μm
> 5–10 μm > 2–5 μm. In the late stage of sand-dust deposition, the toxicity of harmful substances to
heterotrophic protists gradually weakened. These protists slowly adapted to the sand-dust environment
and dissolution of organic substances and other nutrients in sand-dust provided abundant nutrients
for the heterotrophic protists [17]. As such, their abundance maintained stable and their proportion
gradually increased. The effects of low sand-dust group and high sand-dust group on the proportion of
heterotrophic and mixotrophic protists were basically coincident. However, the effect of high sand-dust
group was stronger and the nutritional supplementation lasted longer in the later period.

For the trophic structure, at the early stage of incubation, P addition could promote all kinds of
phytoplankton protists, especially the 10–20 μm autotrophic protists, which were consistent with that
of autotrophic protists at the early stage of sand-dust deposition. At the late stage of incubation, both P
addition and sand-dust deposition restricted all sizes of autotrophic protists. Therefore, it is speculated
that the effect of sand-dust deposition on the autotrophic protists in this ocean were ascribed to the
dissolution of P from sand-dust. The early promotion of sand-dust was to supplement the P in the sea
area, while at the late stage, the inhibition for the autotrophic protists was mainly related to the early
rapid growth of autotrophic protists by consuming up the P and other nutrients. The limiting capacity
of the sand-dust group at the late stage is less than that at P-adding groups. This reflected that the dust
could continuously supply the P and other nutrients.

The abundant P at the early stage of sand-dust deposition promoted the rapid growth of large-size
autotrophic protists. This phenomenon will further accelerate the occurrence of red tides in eutrophic
sea areas. Sand-dust deposition in the late stage stimulated the small-size heterotrophic protists and
accelerated the material cycle efficiency and food transfer capacity in the sea. Therefore, the influence
of sand-dust on the structure of different particle size and trophic protists will change the structure of
the micro-food web in the ocean. It will also change ability of material transformation in the water
body and ultimately, and affect the ecological function of protists in the transforming matter and
producing food in the sea.

5. Conclusions

(1) Sand-dust deposition affected the trophic structure of different particle sizes of planktonic
protists in the southern Yellow Sea. This could lead to change the structure of micro-food webs
in the sea, and affect the ecological functions of micro-food webs in material transformation and
food production.

(2) The growth of planktonic protists of all trophic modes in this ocean was restricted by P.
The early addition of P could promote the growth of planktonic protists of all trophic modes in the
southern Yellow Sea. The effect on the10–20 μm autotrophic protists was most obviously, while the
late addition of P mainly restricted the growth of different sizes of protists.

(3) The effect of initial sand-dust deposition on autotrophic protists was the same as that of P,
it inhibited heterotrophic and mixotrophic protists. The positive effect of sand-dust deposition on
heterotrophic and mixotrophic protists was strong at the late stage, and it improved the abundance of
small-sized heterotrophic protists.

(4) The positive effect of sand-dust deposition on autotrophic protists in the Yellow Sea might be
related to the dissolution of P from the sand-dust. The promotion of small-size heterotrophic protists
in the late stage of sand-dust deposition could accelerate the material circulation efficiency and food
transformation in the sea.
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Abstract: Zooplankton is crucial for the transfer of matter, energy, and pollutants through aquatic food
webs. Primary and secondary consumers contribute to the abundance and standing stock biomass,
which both vary seasonally. By means of taxa- and size-specific carbon and nitrogen stable isotope
analysis, the path of pollutants through zooplankton is traced and seasonal changes are addressed, in an
effort to understand pollutant dynamics in the pelagic food web. We analyzed zooplankton plurennial
changes in concentration of polychlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane
and its relatives (DDTs) and in taxa-specific δ15N signatures in two size fractions, ≥450 μm and
≥850 μm, representative of the major part of zooplankton standing stock biomass and of the fraction
to which fish predation is mainly directed, respectively. Our work is aimed at verifying: (1) A link
between nitrogen isotopic signatures and pollutant concentrations; (2) the predominance of size versus
seasonality for concentration of pollutants; and (3) the contribution of secondary versus primary
consumers to carbon and nitrogen isotopic signatures. We found a prevalence of seasonality versus
size in pollutant concentrations and isotopic signatures. The taxa-specific δ15N results correlated to
pollutant concentrations, by means of taxa contribution to standing stock biomass and δ15N isotopic
signatures. This is a step forward to understanding the taxa-specific role in pollutant transfer to
planktivores and of zooplankton enrichment in PCBs and DDTs.

Keywords: stable isotope analysis; persistent organic pollutants; crustacean zooplankton; freshwater;
size fractions; seasonality

1. Introduction

In lakes, crustacean zooplankton are low-order consumers and represent an important link
between the base of the pelagic food web and the organisms at higher trophic levels, which may have
economic or conservation value. Although considered a homogeneous compartment, zooplankton
is composed of organisms that differ substantially from each other not only in their taxonomy, but
also in body size, metabolic rate, and ecological roles [1]. While heterogeneity of the zooplankton
community has been fairly well-documented in basic ecological studies, it is often overlooked in
ecotoxicological ones, particularly in models, which are usually focused mainly on sources and
top-levels of pollution patterns, the latter being directly related to human health. In particular, it is
a crucial step in the flow of pollutants through aquatic ecosystems [2–5]. Both these pathways are
involved, because zooplankton is directly related to primary producers and is able to process organic
matter to feed on phytoplankton and to actively contribute to the microbial loop [6,7]. Zooplankton also
represents a food source for all fish types at the larval stage and for zooplanktivorous fish at the adult
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stage [8,9]. Predation by fish and vertebrates is, in general, visual, therefore depending on prey size and
visibility [10]. Both primary and secondary consumers may contribute to standing stock biomass in
each size fraction considered. The contribution of primary and secondary consumers to zooplankton
standing stock biomass generally varies with the season in deep, temperate, subalpine lakes, such as
Lake Maggiore. In deep, temperate lakes, earlier spring warming and conditions of thermal water
stratification influenced by climate change promote an early spring peak in phytoplankton biomass,
followed by a peak in zooplankton biomass, mainly due to primary consumers, after about one
month. The subsequent slow decline of zooplankton primary consumers is concomitant with an
increasing contribution of zooplankton secondary consumers to the total zooplankton biomass in late
summer. This pattern of change in zooplankton community composition also includes a change in
organism size; in fact, a prevalence of larger sizes is observed when the contribution of predatory
zooplankters increases.

Lake Maggiore has a long history of severe pollution brought about by persistent organic pollutants,
such as dichlorodiphenyltrichloroethane and its metabolites. The International Commission for the
Protection of the Italian–Swiss Common Waters (CIPAIS) supports monitoring activities in this lake,
with a particular focus on priority substances, such as DDx and other organic chemicals of industrial
origin, such as polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs),
known for their harmful effects on human health and on environment [11,12]. Changes in physical
and chemical conditions may cause their partial release into the dissolved phase, with increased
bioavailability for organisms [13]. Because of their physico-chemical properties, persistent organic
pollutants (POPs) can be detected everywhere, including worldwide remote regions far away from
emission sources, such as polar or Alpine ecosystems [14–17]. In this study, we analyzed the seasonality
of zooplankton in relation to persistent organic pollutant concentrations (i.e., DDTs and PCBs) in
two different size fractions, one representative of most zooplanktonic biomass (≥450 μm) and the
other representative of fish food source (≥850 μm). The former is representative of the major part
of the crustacean zooplankton, while the latter represents the size fraction to which fish predation is
mainly directed [10,18]. Despite its importance, zooplankton body size is usually neglected in studies
on trophic pollutant transfer. Both seasonality and size are expected to drive zooplankton pollutant
concentration over the season and a proper biomass estimation is essential to determine whether there
is a prevalence of either of the two drivers. Furthermore, in order to study the modifications in the food
web, we used carbon and nitrogen stable isotope analysis (13C, 15N; SIA). By this method, food sources
(e.g., littoral versus pelagic, deep versus shallow) can be clearly identified in a system, as can the
time-specific contribution of organisms to food webs. The method was originally applied to marine
environments and to fish in particular, not least for fingerprinting their origin. Only recently it has
been increasingly applied in freshwater environments, not only regarding fish or other organisms
of direct human consumption, but also regarding those which sustain their production and growth,
thus allowing for a more reliable reconstruction of the food web [19]. SIA is applied to investigate
ecosystems in the making, but also to predict, by means of organism nitrogen isotopic signature, time-
and space-specific trophic position, from which, among others, biomagnification depends [20–22].
The trophic role and food sources of organisms can be evaluated by carbon and nitrogen stable isotope
analysis [23–25]. Isotopic signatures provide information on the resources exploited by a consumer
within an environment and its trophic positions in the food web [24,26]. In particular, the isotopic
carbon signature is almost constant between food source and consumer, whereas a nitrogen isotopic
enrichment is observed with an increase of the trophic status [27]. In the present work, we related the
trophic role of zooplankton with persistent organic pollutant (POPs) concentrations in Lake Maggiore
(northern Italy). Previous long term studies in this deep, large Italian lake suggested that zooplankton
seasonal dynamics and the different primary and secondary consumer contributions to zooplankton
biomass are reflected by different contributions of the two important native predatory cladocerans
(Bythotrephes and Leptodora), of diaptomids and cyclopoid copepods, and of the cladoceran Daphnia.
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Our purpose is to investigate, in particular, how DDTs and PCBs vary with the season and in the
two different size fractions, the former representing the bulk of crustacean zooplankton biomass and
the latter representing the size fraction on which fish predation is mainly oriented. We hypothesize
that variations are related to changes in δ15N signature of the two fractions and that the latter results
from the taxa-specific contribution to zooplankton biomass. We expect to find a correlation between
taxa-specific signatures and taxa contribution to measured zooplankton standing stock biomass.

2. Study Site

Lake Maggiore is the second deepest (Depthmax = 370 m) and largest (area = 212 km2, volume
37.5 km3) subalpine lake located in the northwestern part of Italy (Figure 1). By its nature oligotrophic,
the lake underwent eutrophication during the 1960s and 1970s. The eutrophication reversal and the
return to oligotrophic conditions were due to a reduction in total phosphorus discharge into the lake after
wastewater treatment facilities were opened and thanks to the ban of phosphorus-containing detergents.

 

Figure 1. Map of Lake Maggiore. Sampling station location is shown with the red dot (from Google Earth).

Since 1996, contamination by dichlorodiphenyltrichloroethane and its relatives (DDTs), produced
by a farm plant located in the lake catchment basin was detected [28]. Polychlorinated biphenyls
(PCBs) in a steady-state condition were also reported [29–32].

Lake Maggiore is one of the best-studied lakes in Italy, with the first ecological research, including
studies on zooplankton population dynamics, dating back to the early 1900s [33,34]. Long-term studies
on zooplankton seasonal dynamics have been conducted over the last ten years by C and N stable
isotope analyses, aimed at identifying trophic interactions and taxa-specific roles in the transfer of
matter and pollutants within the pelagic food web.

3. Materials and Methods

Zooplankton sampling was performed seasonally at Ghiffa station (45◦57’ N; 8◦38′ E; Figure 1) in
correspondence with the lake’s deepest area (370 m). We collected two samples every day using two
zooplankton nets that were 58 cm in diameter (450 μm and 850 μm in mesh size), which were hauled
from 0 to 50 m deep several times in order to obtain a sufficient amount of organisms needed to perform
the analyses (min = 2, max = 15). The total volume filtered was approximately 26 m3 per zooplankton
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collection. Samples of the size fraction≥450 μm were collected from January 2012 to January 2016, while
samplings of the size fraction ≥850 μm started later (May 2013). All samples were collected in duplicate.
Live organisms of one of the two samples were concentrated in a laboratory setting in approximately 1 L
of lake water, frozen at−20 ◦C, and subsequently used for carbon (13C) and nitrogen (15N) stable isotope
analysis (SIA). One third of the second zooplankton sample was immediately fixed and preserved in
95% ethanol for microscopic analysis at 6.3×. We calculated the biomass of the different taxa by way
of length–weight regression equations [35,36]. On the basis of the taxa, zooplankton organisms were
grouped into primary consumers (herbivores, i.e., Daphnia, Eubosmina, Diaphanosoma, and copepod
diaptomids) and secondary consumers (predators, i.e., Bythotrephes, Leptodora, and copepod cyclopoids).
The remaining portion of the second sample (two-thirds) was filtered on a 1.2 μm pore glass–fiber-filter
(GF/C, 4.7 cm of diameter) and then frozen at −20 ◦C. As a consequence of using large net mesh
sizes, rotifers and early developmental stages of crustacean zooplankton (i.e., the smallest body size
organisms) and large phytoplankton colonies were not included in our samples. However, they are
of only marginal importance for the purpose of our study, in which large zooplankton was regarded
as an important link in the transfer of pollutants from primary producers to fish owing to selective
predation on visible prey, particularly large-bodied zooplankton [37]. SIA was performed on pooled
samples of the two size fractions (≥450 μm and ≥850 μm) and on the already-listed crustacean taxa
present in sufficient amounts in the sample. Under the dissecting microscope, we pooled individuals
of each taxon in order to reach the minimum dry weight (DW) of 2 mg per sample (approximately
70–700 individuals depending on the biomass). Samples were oven-dried for 24 h at 60 ◦C, before
being homogenized and transferred into tin capsules of 5 × 9 mm in size. The isotopic compositions
of organic carbon and nitrogen were determined by Ján Veizer Stable Isotope Laboratory (Ottawa
University, Ontario, Canada) following methods already described in Visconti and Manca [38]. Isotope
ratios were expressed as parts per thousand (%�) difference from a standard reference of PeeDee
Belemnite for carbon and atmospheric N2 for nitrogen, according to the equation:

13C, 15N =

[( Rsample

Rstandard

)
− 1
]
× 1000 (1)

where R is the isotopic ratio 13C/12C and 15N/14N.
For determination of organic compounds (OCs), the materials and methods described in

Mazzoni et al. [1] were followed. Quantitative DDT homologue analyses were performed by the
external standard method using a solution containing pp’DDT, pp’DDE, and pp’DDD as the reference
standard, prepared from single pure compounds (Pestanal, Sigma–Aldrich, Steinheim, Germany) in
iso-octane (Carlo Erba, pesticide analysis grade, Val de Reuil, France). Arochlor 1260 (Alltech, IL, USA),
while the addition of PCB 28, 52, and 118, was used for PCB quantification. The analyzed congeners
consisted of PCB 28, 52, 101, 118, 138, 149, 153, 170, and 180. The detection limit for each OC was
1 ng·g−1 lipid weight (l.w.).

We used the software SigmaPlot 11.0 (version 11, Systat Software Inc., San Jose, CA, USA) to
perform statistical analyses. After verifying that the datasets were normally distributed, we applied
two-way ANOVA in order to identify which factor, size or seasonality, drove changes throughout
the year.

4. Results

A strong seasonality characterized stable isotope data and zooplankton biomass composition.
In Figures 2 and 3, we reported data of taxa/groups biomass percentage composition, δ13C%� and
δ15N%� values and total crustacean biomass of the two size fractions analyzed (≥450 μm and ≥850 μm).
A remarkably higher isotopic carbon (or less depleted) signature in summer and a higher nitrogen
signature in autumn and winter was observed in the samples of both size fractions. The most depleted
carbon signatures in the fraction ≥850 μm occurred with high relative abundance of primary consumers
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to total zooplankton biomass, concomitant to the spring peak or abundance of the cladoceran filter
feeder Daphnia. In the ≥450 μm fraction, where most depleted carbon signatures were recorded,
cyclopoids and diaptomids were also important contributors to the total biomass, together with
Cladocera filter feeders.

δ
δ

Figure 2. (A) Biomass percentage composition of planktonic crustacean taxa (bubbles) of Lake Maggiore
and their δ13C%� values (bubble centers) and δ13C%� values of pooled samples (black line); (B) biomass
percentage composition of planktonic crustacean taxa (bubbles) of Lake Maggiore and their δ15N%�
values (bubble centers) and δ15N%� values of pooled samples (black line); (C) total biomass of Lake
Maggiore planktonic crustacean taxa. All data refer to the fraction ≥450 μm.

Zooplankton standing stock biomass largely changed with the seasons. In samples belonging to
the ≥450 μm size fraction, a spring peak was followed by a second phase of biomass increase in autumn.

In the≥850 μm size fraction, peak biomass values were generally recorded in August. The unusual
increase in May 2015 was related to the detection of the peak population growth of Daphnia. As already
highlighted, Daphnia can be an important contributor to standing stock biomass, due to its peak
biomass in spring being related to the development of young, smaller specimens.

We observed a clear seasonality of δ13C isotopic signatures for the ≥450 μm size fraction during
the studied years. The least depleted values in δ13C%�were regularly measured in August, while more
depleted values characterized the spring samples (May), when the contribution to the peak biomass of
primary consumers, particularly Daphnia, was at its peak. Limited seasonal variation regarding the
contribution to the total biomass was characteristic of the cyclopoid copepods, whose contribution
to carbon and nitrogen isotopic signatures showed similar values during the year. In the >450 μm
size fraction, cyclopoids and calanoids were related to depleted values of carbon isotope signatures
and to the highest values of nitrogen signatures. The biomass contributions of different zooplankton
taxa, both primary and secondary consumers, drove patterns of both isotopic signatures; therefore,
the measured values, e.g., in January 2012, integrated isotopic signatures of the two taxa present, i.e.,
cyclopoid copepods and, to a lesser extent, Daphnia.
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δ
δ

Figure 3. (A) Biomass percentage composition of planktonic crustacean taxa (bubbles) of Lake Maggiore
and their δ13C%� values (bubble centers) and δ13C%� values of pooled samples (black line); (B) biomass
percentage composition of planktonic crustacean taxa (bubbles) of Lake Maggiore and their δ15N%�
values (bubble centers) and δ15N%� values of pooled samples (black line); (C) total biomass of Lake
Maggiore planktonic crustacean taxa. All data refer to the fraction ≥850 μm.

A marked seasonality was also characteristic of the δ13C and δ15N signatures in the ≥850 μm
size fraction. The least carbon-depleted values in August were related to the high contribution of
secondary consumers, while more carbon-depleted values in spring and winter were related to a higher
contribution of primary consumers. Values tended to be most enriched in winter, with secondary
consumers more enriched than primary ones. The signatures of δ15N%� measured in the ≥850 μm
size fraction were related to the relative biomass contribution of primary and secondary consumers.
Among predatory cladocerans, Bythotrephes was generally much more δ15N enriched than Leptodora.
For example, in August 2013, the nitrogen enrichment of Bythotrephes was higher in comparison to
Leptodora and Daphnia. Differences in δ13C signatures suggest that Leptodora was living in deeper
waters than Bythotrephes and Daphnia. Changes in isotopic signature and contribution to total biomass
were mainly related to cladoceran primary and secondary consumers, thus enabling the investigation
of infra-Cladocera food relationships.

As hypothesized, we found that carbon and nitrogen isotopic signatures of the two pooled size
fractions could be reconstructed from taxa-specific signatures weighted on contribution to total biomass,
by applying the following equation:

δ15N, δ13C%�pooled sample = (i × biomass%)taxon1 +.....+ (i × biomass%)taxonN, (2)

where i = δ15N%� and δ13C%� are taxa-specific signatures.
Relationships between measured and estimated isotopic signatures were significant (δ13C%�:

R2 = 0.904, N = 28, F = 244.682, P < 0.001; δ15N%�: R2 = 0.942, N = 28, F = 438.413, P < 0.001; Figure 4).
Such relationships are the result of the accuracy of estimation of both biomass and taxa-specific isotopic
signatures. In fact, taxa-specific biomass estimation is based on length–weight regression equations
applied to a consistent number of specimens (at least 25 specimens per taxa) and taxa-specific isotopic
signatures analyses are based on a very high number of specimens (cfr. Section 3), which is necessary
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for Isotope Ratio Mass Spectrometry (IRMS) analysis (at least 1 mg of dry weight). The accuracy of
standing stock biomass determination from length–weight regression of taxa-specific analysis was also
confirmed by the comparison with the direct biomass dry weight estimation, which was shown to be
statistically significant (R2 = 0.814, N = 8, F = 26.251 P = 0.002).

δ

δ

δ

δ

Figure 4. Relationship between isotopic fingerprint (carbon and nitrogen) of pooled zooplankton
samples belonging to ≥450 μm and ≥850 μm size fractions determined by instrumental analysis
(measured) and reconstructed values (estimated) following Equation (2).

The difference between the smaller and the larger size fraction was mainly determined by
cladoceran taxa composition. In the case of DDTs, the main effects cannot be properly interpreted
because a weak, but significant, interaction between size and seasonality was determined when
two-way ANOVA was applied (N = 28, F = 3.149, P < 0.048), so that the size of a factor’s effect depends
upon the level of the other factor. Changes in PCBs and δ15N values were shown to be strongly driven
by seasonality (PCB: N = 28, F = 14.312, P < 0.001; δ15N: N = 28, F = 29.169, P < 0.001) and for both
datasets there was no statistically significant interaction between factor size and seasonality (P = 0.181
and P = 0.596, respectively). Results of the two-way ANOVA are reported in Table 1.

A regression analysis was performed with δ15N data and pollutant concentrations (Figure 5) with
≥450 μm and ≥850 μm size fractions. Changes in both DDT and PCB concentrations on a logarithmic
scale were related to zooplankton δ15N%� isotopic signatures (DDTs: R2 = 0.541, N = 26, F = 28,340,
P < 0.001; PCBs: R2 = 0.502, N = 27, F = 25.159, P < 0.001). The data in the upper right side of the graph
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refer to autumn and winter samples, while those in the lower side of the graph are related to spring
and summer samples.

Table 1. Results of the two-way ANOVA tests performed on DDTsPCBs concentrations and δ15N%�
fingerprint of zooplankton samples of the two size fractions (≥450 μm and ≥850 μm).

DF SS MS F P

DDTs

Size 1 3.672 3.672 58.456 <0.001
Season 3 4.948 1.649 26.256 <0.001

Size X Season 3 0.593 0.198 3.149 0.048

PCBs

Size 1 0.002 0.002 0.011 0.918
Season 3 8.550 2.850 14.312 <0.001

Size X Season 3 1.052 0.351 1.760 0.187

δ15N%�

Size 1 3.239 3.239 1.195 0.287
Season 3 7.226 79.075 26.169 <0.001

Size X Season 3 5.229 1.743 0.643 0.596

Figure 5. Relationship between nitrogen isotopic fingerprint of pooled zooplankton samples from Lake
Maggiore, belonging to ≥450 μm and ≥850 μm size fractions, and persistent organic pollutant (POPs)
concentrations, expressed as logarithmic scale.

POP concentrations in the ≥850 μm size fraction were generally lower than in the ≥450 μm size
fraction (Figure A1).
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5. Discussion

The pelagic zooplankton is composed of a large variety of organisms differing in taxonomic
composition and body size. Together, protists, monogonont rotifers, Cladocera, and Copepoda
contribute to the zooplankton community, the latter with both individuals at their adult stage and a
number of developmental stages that are different in size and trophic role. Regarding net zooplankton,
as a result of the mesh size, only rotifers and crustaceans were reliably sampled. The former can be
numerically dominant during the spring phase, along with naupliar and early copepodite stages of
copepods. Their contribution to zooplankton biomass is little, however, with respect to Cladocera and
adult or sub-adult copepods [38–40]. Altogether, the latter are ≥450 μm in size.

Zooplanktivorous fish, however, tend to select larger (≥850 μm) and more visible prey, such
as Bythotrephes, large, ovigerous Daphnia, and Leptodora. Therefore, these are a component of the
zooplankton population, which is active in transferring POPs to fish [10,41–44].

By choosing to focus on the two size fractions of crustacean zooplankton, we aimed to investigate
components which are directly involved in the transfer of pollutants in the trophic chain. In addition,
investigating the role of micro-zooplankton is almost impossible, given that POP concentrations and
δ13C and δ15N analyses require high weight amounts of zooplankton material (approximately 1 μg
dry weight and 1 mg dry weight, respectively). Further studies are required to elucidate the role of
micro-zooplankton as carrier of pollutants.

As expected, zooplankton biomass composition largely varied with the season in both size
fractions analyzed, because in deep subalpine lakes, the abundance and composition of zooplankton
populations vary along the season [45–47]. A spring peak abundance of phytoplankton population
triggers the growth of primary zooplankton consumers, such as the large filter-feeder Daphnia, which,
in Lake Maggiore, usually reaches its peak population density in May [47]. The increase of Daphnia and
other primary consumer cladocerans (Eubosmina, Diaphanosoma) in spring is followed by an increase in
predatory cladocerans (Bythotrephes and Leptodora), able to selectively exploit primary consumers and
contribute to their decline [48,49]. In turn, the decrease in zooplankton primary consumers promotes a
second phytoplankton peak in summer, which leads to a second phase of increase in primary consumers
in autumn.

In this study, seasonality was also observed in isotopic carbon and nitrogen zooplankton signatures.
In pelagic zooplankton, δ13C%� tended toward less depleted values in summer, likely mirroring
phytoplankton isotopic signatures [38,39,50]. During thermal stratification, the high growth rates
of phytoplankton cells can lead to the consumption of dissolved atmospheric CO2, causing a shift
in carbon exploitation sources toward the uptake of the HCO3

− ion [51–54]. The unselective filter
feeder Daphnia feeds on seston particles, which fit the distance between their intersetular filtering
combs (i.e., 0.2–50 μm) [55]. Since Lake Maggiore seston is mainly composed of phytoplankton cells
and carbon fractionation is negligible, Daphnia isotopic signature specimens matched variations of
the phytoplankton carbon fingerprint [45,50]. The pelagic zooplankton nitrogen isotopic signature
also varied with the season, with the maximum enrichment in winter. Isotopic nitrogen tended to
increase along the trophic food chain and stepwise enrichment varied in different environments and
with the structure of the trophic web [45,56,57]. Isotopic nitrogen enrichment is diet-dependent [58].
In eutrophic lakes, where high values of δ15N%� are usually found, zooplankton organisms do not
feed only on phytoplankton, but also exploit alternative organic particulate matter, such as bacteria,
protozoa, exuviae, and fecal pellets of zooplankton specimens, which are more δ15N-enriched than
phytoplankton algae. We can hypothesize that, in winter, when the abundance of phytoplankton cells is
low, alternative, δ15N-enriched food sources (e.g., bacteria, protozoa, exuviae) became more important,
leading to the observed enrichment in isotopic nitrogen content. In addition, under food shortage
conditions, the zooplankton might be able to exploit δ15N%�-enriched lipids which accumulate in high
food concentration conditions [59,60].

Distinguishing between primary and secondary consumers is crucial for the reconstruction of
patterns of matter and energy through the pelagic food web. As primary and secondary consumers
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largely overlap each other in body size, such distinction cannot be based on size fraction analyses of
zooplankton. We found that the isotopic signature of pooled zooplankton samples of the two size
analyzed fractions was tightly related to taxa-specific contribution to total biomass, thus allowing
for the identification of taxa-specific contribution to measured δ15N%� isotopic signatures. The latter
is, in turn, correlated to POP concentrations, therefore allowing for a better definition of primary
and secondary zooplankton consumer taxa in the transfer of toxicants through the pelagic food web.
The significant relationship between pooled zooplankton samples and taxa-specific contributions to
the total biomass in Lake Maggiore results from the fact that other zooplankton particles are excluded
when samples are filtered through 450 μm nets. In Lake Maggiore, detritus is usually <126 μm and the
contribution of phytoplankton colonies >76 μm is largely negligible. Therefore, any other zooplankton
contribution to the total biomass in the samples of the two size fractions analyzed was certainly
negligible. This is not the case in eutrophic or mesotrophic lakes, where zooplankton is smaller
and detritus and phytoplankton colonies can be found in zooplankton samples in non-negligible
amounts [1,61].

We hypothesized that both size and seasonality can influence POP concentrations in zooplankton
populations and that the two parameters are related to the δ15N%� isotopic signature. Our results
highlighted a predominance of seasonality versus size. The ≥450 μm fraction was composed of primary
(Daphnia, Eubosmina, Diaphanosoma and diaptomids) and secondary consumers (cyclopoids, Bythotrephes
and Leptodora) throughout the year, while in the ≥850 μm fraction, the biomass of secondary consumers
is dominant in August. As secondary consumers are expected to be higher in POP concentrations,
we would have expected to record the highest values of POP concentrations in summer; on the contrary,
we observed high POP concentrations in winter, when zooplankton nitrogen enrichment was at its
maximum. In fact, the δ15N%� and POP results directly correlated, with both tending to increase
from spring to winter. Ecotoxicological studies on marine trophic chains demonstrated a similar
relationship along the food chain [62,63]. In Lake Maggiore, the seasonal pattern of POP concentrations
was very similar terms of values between years of the study period [28], suggesting a steady-state
condition. In these conditions, the major δ15N-enrichment of carnivorous species was probably hidden
by seasonal variations in δ15N%�, which was dependent on quality of organic particles, i.e., the bacteria,
protozoa, or organic particles deriving from dead organisms should have higher POP concentrations
than phytoplankton cells.

The predominance of seasonality versus size was confirmed also by DDT concentrations in the
smallest size fraction. Theoretically, the big predators, Bythotrephes and Leptodora, and the largest
Daphnia specimens of the ≥850 μm size fraction should be characterized by higher values of POP
concentrations, the former due to this specimen belonging to an upper trophic level and the latter
because adults of a larger size can accumulate more pollutants in their tissues. However, our results
likely reflect the fact that copepods rich in lipids (substance where POPs are mainly stored) were
not present in the larger size fraction. However, because zooplanktivorous fish mainly select large
cladocerans [43], the ≥850 μm fraction should be more representative of fish food sources.

6. Conclusions

Zooplankton play a crucial activity in matter and energy transfer in the food web. In temperate
lakes, biomass, taxa, and size composition largely vary with the season. The contribution of primary
and secondary zooplankton consumers also varies seasonally, along with the δ15N%� isotopic signature.
By investigating seasonal changes in biomass and taxa-specific contributions and in carbon and
nitrogen isotopic signatures along with DDT and PCB concentrations, we aimed at quantifying
the relative importance of size versus seasonality. We found that the δ15N%� of two size fractions,
representative of bulk crustacean zooplankton biomass and of the fraction on which fish mainly
prey, respectively, significantly correlated to POP concentration, as both varied with the season.
The bulk zooplankton nitrogen isotopic signature resulted from a biomass-weighted taxa-specific
isotopic signature, thus enabling us to distinguish between the contributions of secondary and primary
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consumers to measured nitrogen enrichment, from which the concentration of pollutants depends. DDT
concentration was higher in the >450 μm fraction, while no difference was found in PCB concentration
in the two size fractions. The difference between the two was mainly related to copepod adults,
which were entirely lacking in the larger, >850 μm size fraction, the one on which fish selectively prey.
Overall, seasonality was largely predominant over size for the dynamics of DDTs and PCBs, therefore
suggesting that, in temperate lakes, more than one time spot studies are required; indeed, multi-year
studies are ideal for verifying, among others, the condition of a steady state which must be fulfilled
before applying models regarding the transfer of pollutants through an ecosystem.

The oligotrophic, subalpine Lake Maggiore was ideal for investigating the role of zooplankton
in pollutant transfer, as size spectra distinction allows for the neglect of background noise caused by
micro-zooplankton, protists, and phytoplankton algae. This is not the case for more productive lakes,
in which such size-based distinction cannot be applied in the same way.

Author Contributions: Formal analysis, M.M.M. and R.P.; SIA and zooplankton investigation, M.M.M. and R.P.;
POPs investigations, M.M. and R.B.; writing—original draft preparation, M.M.M., R.P., R.C., and D.C.; Review,
R.B. and M.M.

Funding: This research was funded by CIPAIS (Commissione Internazionale per la Protezione delle Acque
Italo-Svizzere).

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

 

Figure A1. Concentration of POPs in two crustacean zooplankton size fractions (≥450 μm and≥850 μm)
of Lake Maggiore.
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Abstract: Mining is recognized to deeply influence invertebrate assemblages in aquatic systems,
but different invertebrates respond in different ways to mining cessation. Here, we document the
response of the cladoceran assemblage of the Chechło river, S. Poland (southern Poland) to the
cessation of Pb-Zn ore mining. The aquatic system includes the river and associated subsidence
ponds in the valley. Some ponds were contaminated during the period of mining, which ceased in
2009, while one of the ponds only appeared after mining had stopped. We used Cladocera to reveal
how the cessation of mine water discharge reflected on the structure and density of organisms. A total
of 20 Cladocera taxa were identified in the sediment of subsidence ponds. Their density ranged
from 0 to 109 ind./1 cm3. The concentrations of Zn, Cd, Cu and Pb were much higher in sediments
of the ponds formed during peak mining than in the ponds formed after the closure of the mine.
Statistical analysis (CCA) showed that Alonella nana, Alona affinis, Alona sp. and Pleuroxus sp. strongly
correlated with pond age and did not tolerate high concentrations of heavy metals (Cu and Cd).
This analysis indicated that the rate of water exchange by the river flow and the presence of aquatic
plants, affect species composition more than pond age itself.

Keywords: Zn-Pb maine; subfossil; Cladocera; heavy metals; CCA analyses; anthropogenic impact

1. Introduction

Cladocera (Crustacea) are an important component of the small invertebrates living in freshwater.
They occur in different environmental conditions; in shallow and deep waters; in alkaline, neutral and
acidic conditions, and among environmental gradients. Their sensitivity to environmental conditions
makes cladocerans good indicators for a wide range of environmental variables [1–3]. They respond
rapidly to heavy metals and to other physical-chemical variables affected by a discharge of mine
waters [1,3,4]. These environmental changes are recorded in bottom sediments and may be reconstructed
from subfossil skeletal remains, preserved in the bottom layer of mud. For this reason, they are useful
for the reconstruction of anthropogenic disturbances [4–7].

Extensive investigations conducted at mining sites throughout the world have recognized
metal-contaminated wastes as the most important source of heavy metal contaminants. Lead and zinc
(Pb, Zn) ores have been extracted for centuries in mines all over the world. In the second half of 20th
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century many mines have been closed, due to ore exhaustion, but leaving contaminated sediments
as sources of metals leaking to the aquatic environment. The Chechło River valley in S. Poland is
an example of an aquatic system affected by Pb-Zn mining, in which sediments of mining-related
subsidence ponds are contaminated with heavy metals (Pb, Zn, Cd). For about 40 years, until 2009,
the Chechło River has experienced pollution from a mine active since 1968. The lower reach of the
Chechło River is affected by longwall coal mining. This resulted in subsidence of the river valley
floor and emerging of two basins ponded with water. One of the basins started to subside at the
beginning of the 1990s whereas subsidence of the other, 1 km upstream, started at about 2007. In both
basins subsidence reached about 1.7–2.0 m resulting in shallow water bodies with plant succession
much more advanced in the older than in the youngest basin [8]. Currently, the river is recovering,
but many channels and floodplain locations still preserve the sediments that accumulated there during
the mining time [8]. This allows the assessment of the impact of contaminated waters of the river and
ponds on Cladocera communities based on the analysis of their remains in the sediments.

Our aim was to document changes in the species composition of Cladocera in response to mining
cessation recorded in bottom sediments of subsidence ponds situated on the Chechło River floodplain
(southern Poland). Our hypothesis assumes that regeneration of the cladoceran community was
limited by high heavy metal concentrations (mainly heavy metals, such as: Cd, Pb, Zn and Cu) in
the bottom sediments of ponds in the middle reach of the river valley. We analyzed the Cladocera
assemblage and heavy metal concentrations in sediment cores from ponds which emerged (1) during
the period of Zn and Pb ore extraction and (2) after the mine closed. The present study is the key to
understanding the rate of ecosystem response and factors controlling ecosystem recovery from heavy
metal contamination. We address this by analyzing Cladocera remains preserved in subsidence ponds
sediment and correlate them with records of metal contamination from Pb-Zn ore mining.

2. Materials and Methods

2.1. Study Area

Our work was conducted in the middle course of the Chechło River, downstream of the point
of mine waters discharge. The quality of the Chechło River was affected for about 50 years by the
zinc and lead ore mining and by the other industrial and municipal sewage effluents from two towns
Trzebinia and Chrzanów located in the middle reach of the river [8,9]. We distinguished two research
areas about 1 km apart: Subsidence pond emerged after the closure of the mine (UP) and subsidence
ponds ponded during the peak of the ore exploitation (DOWN) (Figure 1). All water bodies have been
impacted by heavy metals contamination. They are small, with areas ranging from 0.5 to ca. 5 ha,
whereas their average depth is about 1–2 meters. A part (ca. 20–50%) of the basins is overgrown with
macrophytes (Figure 1).
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Figure 1. Sampling area (UP: Subsidence pond after the closure of the mine; cores: RI, RII, RIV, RXVII,
RXVIII, RXIX, RXX, RXXI; DOWN: Subsidence ponds during peak exploitation; cores: RVI, RVII, RVIII,
RXII, RXIII, RXIV, RXV, RXVI).

2.2. Sampling and Measurements

The concentrations of Cd, Pb, Zn and Cu and remains of aquatic organisms were analyzed in
sediment cores from eight sites in pond formed after the closure of the mine (UP, cores: RI, RII, RIV,
RXVII, RXVIII, RXIX, RXX, RXXI) and in eight sites of ponds existing during the peak of Zn and Pb ore
exploitation (DOWN, cores: RVI, RVII, RVIII, RXII, RXIII, RXIV, RXV, RXVI) (in total 16 cores) (Figure 1).
Cores were recovered using a Multisampler piston corer with diameter 4.5 cm (Eijkelkamp, Giesbeek,
Netherlands). Cores were divided in the field depending on sediment lithology when macroscopic
changes in color or grain-size of sediments were observed whereas profiles with no distinct strata were
divided into 10 cm long subsamples and homogenized by mixing. Length of the retrieved profiles
varied from 15 to 70 cm. Most of the sediments were composed of unstratified muds with a high
content of organic matter which rested on the sandy sediments of the former floodplain. UP and
DOWN pond cores were divided into sections with a thickness of 5–15 cm depending on the lithology
of the sediment (see Figure 2).

Sediment samples for heavy metal analysis were dried at 105 ◦C and sieved through a 0.063 mm
sieve. Then they (0.5 g) were digested with 10 cm3 of 65% HNO3 and 2 cm3 of 30% H2O2 (both
analytical grade) using a microwave digestion technique [6]. The Cd, Pb, Zn and Cu concentrations were
determined using a flame atomic absorption spectrometer (F-AAS). Metal analyses were performed
according to (standard certified) analytical quality control procedures.

Subfossil Cladocera preparation was conducted, according to Frey [5]. One centimeter cubed of
fresh homogenized sediment was taken from the separation section from each core for cladoceran
analysis. After elimination of carbonates using HCl, each sample was boiled for half an hour in a 10%
KOH solution. A magnetic stirrer was used for dispersion. After boiling and washing, the remains were
sieved through a 35 μm sieve. The residuum was stored in 10 ml of water with glycerine and safranine,
in polycarbonate test-tubes in a fridge. Temporary slides were used for identification and to count the
cladoceran remains. Taxa were identified and counted at 200 or 400×magnification under a Nikon 50i
microscope. All skeletal parts were counted: headshields, shells, postabdomens, postabdominal claws,
ephippia and filtering combs. The most abundant body part for each taxon was chosen to represent the
number of individuals. The results of qualitative and quantitative analyses are presented in diagrams,
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in which an absolute number of specimens was calculated for 1 cm3 sediment volume. Identification
of the species was based on Frey [10] and Szeroczyńska and Sarmaja-Korjonen [11].

2.3. Statistical Analyses

Shannon’s diversity index

The species diversity of Cladocera was evaluated using Shannon’s diversity index. The analysis of
species diversity was carried out using the MultiVariate Statistical Package (MVSP) 3.1 program [12].

Pearson’s correlation

In order to investigate the relationship between heavy metals content in sediments and cladocerans,
Pearson’s correlation was used with the Statistica 13 program.

Cluster analysis

In order to compare qualitatively the Cladocera assemblages cluster analysis was made using the
UPGMA method. The hierarchical classification was obtained using the MVSP 3.1 program [12].

Correspondence analysis

Indirect and direct ordination techniques were used to assess the impact of sediment environmental
factors on the cladoceran community: Unimodal techniques—correspondence analysis (CA) and
canonical correspondence analysis (CCA).

The analysis was carried out after a prior detrended correspondence analysis (DCA) to verify
the nature of the data, based on the length of the gradient expressed in standard deviation (SD) units.
During the DCA, CA and CCA analysis, the data was log-transformed [ln (x + 1)] and centered.
During the CCA analysis, a forward selection was carried out to assess the role of environmental
variables in shaping the structure of cladoceran communities. The used analyses were performed on
Cladocera data and subsidence sediments samples to identify the changes in the ponds and to show
the relationships between the environmental variables and the distribution of the Cladocera.

An evaluation of their statistical significance, as well as the statistical significance of canonical axes,
was made using the Monte Carlo permutation test for 499 repetitions. The analyses were performed
using CANOCO for Windows 4.5 program [13].

3. Results

3.1. Sediment—Heavy Metals Contamination Analysis

The heavy metal concentrations in sediment cores from studied UP and DOWN subsidence ponds
ranged as follows: Zn, 0.5–23.1 mg g−1; Cd, 6.1–612.3μm g−1; Pb, 0.3–10.2 mg g−1; Cu, 21.4–397.0 μm g−1

(Figure 2). The sediment from the UP subsidence pond exhibited lower differences in heavy metal
concentrations among particular strata of each individual core (with the exception of the core RXVIII).
Only in core RXVIII (length 20 cm) collected from the lower part of the UP subsidence pond, they
were considerable with maximum concentrations of the metals of all cores in UP subsidence pond
were found in the bottom strata. The cores from DOWN subsidence ponds, usually of a larger
length, exhibited higher variability in heavy metal concentrations which each core, comparing to UP
subsidence pond. These differences were particularly large (up to 24 times for Zn, 19 times for Cd,
13 times for Pb, and 7 times for Cu) in 30 cm long cores RVIII and RXII. In the deepest section of core
RXII the lowest metal concentrations for all DOWN subsidence ponds were found. Higher metal
concentrations usually occurred in the middle or the surface strata of cores from DOWN subsidence
ponds and reflected the period of most intensive mining of Zn and Pb ores at the end of the 20th
century. The maximum concentrations of heavy metals in cores from DOWN subsidence ponds were
several times higher (Zn, Cu and Pb 2–4, Cd eight times) than from the UP subsidence pond (with the
exception of RXVIII core).
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Figure 2. Heavy metal concentrations in the sediment cores in subsidence ponds (UP: Subsidence pond
after the closure of the mine; cores: RI, RII, RIV, RXVII, RXVIII, RXIX, RXX, RXXI; DOWN: Subsidence
ponds during peak exploitation; cores: RVI, RVII, RVIII, RXII, RXIII, RXIV, RXV, RXVI).

3.2. Subfossil Cladocera Analysis

Cladoceran remains in the sediments of the subsidence ponds represented 20 taxa and four
families (Chydoridae, Eurycercidae, Bosminidae, Daphniidae). Chydoridae was the most diverse
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family (13 taxa), whereas the other families were represented by fewer taxa (Eurycercidae: 1; Bosminidae:
2; Daphniidae: 4). In the pond which emerged after the mine was closed (UP) 12 taxa were found while
in ponds existing during the mine operation (DOWN) 17 taxa were found. The number of cladoceran
taxa in each sediment core ranged from 1 to 13 (Table 1).

Table 1. Number of taxa and range (min.–max.) of total Cladocera specimens in cores of
subsidence ponds.

Subsidence Ponds Area Core Number Number of Taxa in Core
Range (Min.–Max.) of Cladocera
Individuals in 1 cm3 of Sediment

UP (subsidence pond formed
after the closure of the mine)

RI 5 1–6

RII 3 0–2

RIV 7 4–22

RXVII 5 37

RXVIII 3 1–12

RXIX 4 0–15

RXX 5 3–6

RXXI 1 1

DOWN (subsidence ponds
created during the peak of Zn

and Pb ore exploitation)

RVI 3 3–8

RVII 2 1–6

RVIII 6 1–50

RXII 13 23–109

RXIII 3 22–101

RXIV 6 38–86

RXV 6 20–93

RXVI 4 3–76

The pond existing during the mine operation had the highest diversity of Cladocera taxa in
comparison to remaining subsidence ponds. Total density of Cladocera individuals in sediments
(ind./1 cm3) varied from 0 in UP subsidence pond formed after the closure of the mine (RII; RXIX) to
over 100 individuals in DOWN ponds existed during mine exploitation (RXII; RXIII) (Table 1). In the
UP pond Cladocera assemblage was rather poor and its density was not higher than 37 ind./1 cm3.
This result is probably related to the fact that in subsidence ponds where sediment cores were studied
the river water flowed through the center of the pond (Figure 1). The DOWN subsidence ponds are
supplied with river water by side channels, and characterized by stable water with well-developed
macrophyte vegetation (Figure 1). Chydorus sphaericus was the species present in all studied ponds
except one, with the presence of the only one species Bosmina longirostris (RXXI; Figure 3). Ch. sphaericus
is species occurring in pelagic and littoral zones, and its high density is characteristic for eutrophic
and polluted water. The highest densities of this species were observed mainly in the lowest layers of
core sediments with more than 40 ind./1 cm3 in subsidence ponds existed during the peak of Zn and
Pb ore exploitation (DOWN). The smaller density of the discussed species, below 10 ind./ 1 cm3 were
observed in cores of the pond formed after the mine was closed (UP) (Figures 3 and 4).
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Figure 3. Diagram of the absolute number of Cladocera individuals in 1 cm3 of sediment from
subsidence pond formed after the closure of the mine (UP).

We found seven littoral taxa in the UP pond characterized by through-flow of river water and
12 littoral taxa in DOWN ponds characterized by stagnant water conditions and littoral zone overgrown
with macrophytes. In all ponds were found littoral taxa belonging to six genera: Alona, Alonella,
Acroperus, Pleuroxus, Eurycercus and Graptoleberis. Only in one subsidence pond was the highest number
of littoral taxa (9 taxa—RXII: DOWN) with density reaching over 30 ind./1 cm3 (Figure 3).
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3.3. Relationship between Cladocera and Heavy Metal Concentration

The highest Shannon (H′) diversity rates (up to<2) occurred only in one core RXII in the subsidence
pond formed during mine operation (DOWN). Moreover, the high H’ diversity rates were observed in
five cores (up to <1) in the water ponds formed after of mine cessation (UP) (Table 2).

Table 2. Shannon (H′) diversity index value in investigated sediment cores. (UP—subsidence ponds
formed after the closure of the mine; DOWN—subsidence ponds created during the peak of Zn and Pb
ore exploitation).

Core (UP) Index Value Core (DOWN) Index Value

RI 1.49 RVI 0.35
RII 1.04 RVII 0.58
RIV 1.61 RVIII 0.66

RXVII 1.07 RXII 2.12
RXVIII 0.79 RXIII 0.73
RXIX 0.85 RXIV 0.80
RXX 1.58 RXV 0.57
RXXI 0.00 RXVI 0.68

There were statistically significant correlations between the abundance of particular species and
the heavy metal concentrations in sediment cores of UP and DOWN ponds. In the most contaminated
sediments (DOWN ponds), a negative correllation was found between Cu concentration and occurrence
of the genera Alona, Alonella, Daphnia and Graptoleberis; also, a negative correlation was revealed
between the density of Alona sp. and Zn and Pb in sediments. Negative correlations with Cu
concentration was found in less polluted sediments (UP pond), but only for Alona and Daphnia genera.
The cladoceran Alona and Daphnia seem to be more sensitive to heavy metals contamination than the
other investigated Cladocera (Table 3). Our results showed the negative impact of metal mining on
cladocerans, as well as positive correlations between taxa.

Cluster analysis divided the studied cores into two groups. This was mainly caused by the
different dominance structure of the identified species of Cladocera at sampling sites. The first group
constitutes cores from ponds that existed during the mine exploitation activity; the second group
included water bodies created after the mine was closed. In the first group, site RXII clearly stood out,
due to the fact that it was characterised by the highest density and variety of Cladocera, as well as the
highest values of Shannon’s diversity index (H′ = 2.12). In the second group apart from cores from
UP pond, also cores RVI and RVII from DOWN ponds were included (Figure 5). Such classification
was likely to be related to the small diversity and density of Cladocera and low values of Shannon’s
diversity index (H′ = 0.35 and 0.58 respectively) in the cores RVI and RVII.

Figure 5. Dendrogram of faunistic similarities for Cladocera fauna in the studied sediment cores (black
color: Cores from pond, created after mine was closed (UP); red color: Cores from ponds existed during
mine exploitation (DOWN)).
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To show the statistical importance and the associations of Cladocera assemblages with particular
types of ponds correspondence analysis (CA) was used. The results showed that the first axis explains
25.4%, while the second 17% of the variability of the occurrence of the species of Cladocera at the
sampling sites. The first ordination axis, with its eigenvalue λ = 0.292, differentiated sampling sites
and clearly identified the RXII core. The core was characterized by the highest species diversity of
Cladocera compared to other studied cores.

The gradient represented by the second ordination axis, with its eigenvalue λ = 0.195, clearly
grouped the cores in two groups: cores from ponds existing during mine exploitation, and ponds
created after its closing. In the upper part of the diagram was placed RXX and RXXI cores (created
after mining stopped). In this part of the diagram there are also other cores of the same group: RI, RII,
RXVIII and RXIX. In reservoirs mentioned above, a small number of species and at low density was
found (Figures 3 and 4).

The distribution of the species in the ordination space of the diagram shows that they occur in
particular cores. Daphnia cucullata, Alonella nana, Graptoleberis testudinaria and Alonella excisa were
located in the right part of the diagram and were associated with the RXII core (Figure 6).
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Canonical correspondence analyses (CCA) showed the importance of heavy metal concentration
in sediment cores on the distribution of Cladocera taxa. The results showed that the first axis explains
50.0%, and the second 21.9% of the variability of the occurrence of species. In the CCA ordination
diagrams, the location of species in relation to axis I and II, as well as the intensity of changes of
environmental variables are presented. The model of CCA is highly statistically significant (The Monte
Carlo permutation test: First canonical axis F = 6.148, p = 0.002; all canonical axes F = 2.757, p = 0.002).
The location of the species in the right part of the ordination diagram is clearly visible, which indicates
their intolerance to higher concentrations of heavy metals (Cu and Cd) (Figure 7).

Figure 6. Correspondence analysis (CA) diagram for Cladocera fauna in sediment cores of subsidence
ponds (ACR HAR: Acroperus harpae; ALO: Alona sp.; ALO AFF: A. affinis; ALO GUT: A. guttata;
ALO QUA: A. quadrangularis; ALO REC: A. rectangula; ALON EXC: Alonella excisa; ALON NAN: A. nana;
BOS COR: Bosmina coregoni; BOS LON: B. longirostris; CER: Ceriodaphnia sp.; CHY SPH: Chydorus
sphaericus; DAP: Daphnia sp.; DAP CUC: D. cucullata; EUR LAM: Eurycercus lamellatus; GRA TES:
Graptoleberis testudinaria; PLE: Pleuroxus sp.; PLE TRU: P. truncatus; PLE TRI: P. trigonellus). UP: Sediment
cores are marked in green color; DOWN: Sediment cores are marked in a red color.
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Figure 7. Canonical correspondence analysis (CCA) diagram for selected Cladocera species. The biplot
illustrates the relationship between the heavy metal concentration in the sediment cores and Cladocera
fauna. Taxa name code see Figure 6.

4. Discussion

The obtained results indicated strong contamination by Cd, Pb and Zn, and lower by Cu of
sediment cores of UP and DOWN subsidence ponds of the Chechło River if compared to local
geochemical background [8] and sediments of unpolluted areas [14]. The Cd, Pb and Zn concentrations
were from tens to hundreds of times higher compared to those in the reference lake sediments
(Figure 2) [14]. Such high heavy metals concentrations in the Chechło River sediments are typical
for water ecosystems exposed to discharge from the Zn and Pb mines [6,15]. Metals discharged
with mine waters and suspended sediments to the Chechło River during mine operation affected the
DOWN subsidence ponds, what was reflected in maximal/very high Cd, Pb and Zn concentrations
in the investigated sediment cores. The mine closure resulted in the drop of decrease in the river
water contamination and lower metal concentrations [8] reflected in the large difference between
contamination of the UP and DOWN subsidence ponds. Despite the progressive decrease of the
most recent sediment contamination with Cd, Pb and Zn, their concentrations in all cores still exceed
toxic levels for many aquatic organisms [16]. Moreover, Cu concentrations exceeded the threshold
concentration (TEC, 86 μg g−1;16) for 80% of the samples of the UP and DOWN subsidence ponds
sediments. The sediment-associated heavy metals might be released from the sediment to the overlying
water under changing physical-chemical conditions particularly as a result of sediment resuspension
or oxidation of surface sediment strata during floods after heavy rainfalls or during the melting
period [17,18].

Antropogenic pollution, such as heavy metal contamination, could be a detrimental and intense
stressor of water ecosystems. The Cladocera are an important component of the zooplankton community
in water bodies with both pelagic and littoral habitats. The Cladocera analysis raises a discussion
about the influence of heavy metal pollution as a human activity. Cladocera assemblages from the
subsidence ponds show significant differences in species composition, their densities and especially
domination. In all subsidence ponds dominated Ch. sphaericus which is tolerant to water pollution
and seems to be a ‘specialist’ in tolerance to a wide range of abiotic conditions [19]. However, some
authors wrote that the long-term exposure of this species to Cu results in a reduction in the rate of
population growth [7,20], but also Burton et al. [20] observed, that another species Alona quadrangularis
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is restricted to sites of low Cu contamination. Our results confirmed that Ch. sphaericus tolerated high
concentration of Cu, but A. quadrangularis is not tolerant of this metal (Table 3; Figure 7). In both
types of subsidence ponds (UP and DOWN) high concentration of Cu was not tolerated by species
of Alona, Alonella, Daphnia and Graptoleberis. Sarma et al. [21] showed no single species of studied
Cladocera (e.g., Alona rectangula, Daphnia laevis, D. pulex, D. similis, Ceriodaphnia dubia) was consistently
sensitive for stress from heavy metal. The sensitivity of the Cladocera to the concentration of heavy
metals in the environment is also dependent on other abiotic factors. Additionally, it is possible that
the temporary presence of B. longirostris, dominant presence of Ch. sphaericus and littoral cladocerans,
e.g., Alona affinis, A. rectangula, which prefer more fertile water, reflect a response of this group to
changes in the local habitat (macrophyte abundance with more food for the cladocerans) [22]. In the
investigated subsidence ponds, we also observed preferences of cladoceran assemblages to stagnant
water overgrown by macrophytes.

Cluster analysis divided our sampling cores into two groups—one with sediment less polluted
by the heavy metals that accumulated after mine cessation, and a second group of highly polluted
sediments by heavy metal that existed during mine operation (Figure 2; Figure 5). The impact of metals
on the Cladocera assemblage is reflected in the Shannon index (Table 2), where we observe a greater
number of cores with the value of the index above 1 (in reservoir formed after the mine was closed),
which may mean recovery an increase in biological diversity of organisms and improvement of the
quality of the environment.

The total abundance of Cladocera remains decreased dramatically in the postindustrial
sediments (UP subsidence pond) compared with the industrial sediments (DOWN subsidence ponds).
The subfossil records for all Cladocera taxa investigated very clearly revealed that the onset of industrial
activities dramatically altered the ecology of small subsidence ponds which emerged in the river
valley. Based on existing knowledge of aquatic ecosystems and their responses to metal pollution,
we attempt to interpret the observed industrial to postindustrial changes or trends in biota in the
studied ponds. Despite more than 10 years since of heavy metal from Pb-Zn ore mining cessation,
we observed little evidence of recovery in Cladocera assemblages, which we observed in the value
of Shannon diversity index, as well as the occurrence of Daphnia remains in RXII, the more polluted
subsidence pond existing during mine working. Doig et al. [4] observed similar results in Ross Lake
sediment impacted by mining, metallurgical and municipal activities where Cladocera remains have
low abundance in postindustrial times and shows minimal signs of recovering.

5. Conclusions

Sediment cores of ponds on the floodplain of River Chechło allowed reconstruction of human
impact. Cores of UP and DOWN ponds show various contamination by Pb, Zn, Cd and Cu, the reaction
of Cladocera assemblages by changing plankton species composition and their density observed
in sediments.

The analysis of Cladocera remains allowed to reconstruct pre-mining condition in the studied
subsidence ponds and also showed the environmental conditions of the studied ponds when the
Zn-Pb main was operating and after when was closed. The occurrence of different ecological groups
of cladocerans (diversity in taxa and density) in studied subsidence ponds may suggest differences
in ponds types in past and present, and showed important changes in water quality during mine
operation and after it was closed. In the sediment core layers with lower metal concentrations we
observed a little recovery of Cladocera assemblages. In all subsidence ponds Ch. sphaericus was the
dominant species, and most abundant in studied sediments. The dominance of less sensitive species
confirmed communities adapted to chronic high metal contamination.

The sediment quality assessment will help to understand persistent adverse effects of sediment
contamination on aquatic communities and to better recognize factors decisive on mechanisms of the
succession of aquatic organisms in contaminated river systems.
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