
Academic Editor: Ryszard Gołdyn

Received: 20 December 2024

Revised: 31 January 2025

Accepted: 6 February 2025

Published: 11 February 2025

Citation: Caroni, R.; Piscia, R.; Manca,

M. Indicators of Climate-Driven

Change in Long-Term Zooplankton

Composition: Insights from Lake

Maggiore (Italy). Water 2025, 17, 511.

https://doi.org/10.3390/w17040511

Copyright: © 2025 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

(https://creativecommons.org/

licenses/by/4.0/).

Article

Indicators of Climate-Driven Change in Long-Term Zooplankton
Composition: Insights from Lake Maggiore (Italy)
Rossana Caroni 1,2,* , Roberta Piscia 2 and Marina Manca 2

1 CNR-IREA, Via Corti 12, 20133 Milan, Italy
2 CNR-IRSA, Largo Tonolli 50, 28922 Verbania, Italy; roberta.piscia@cnr.it (R.P.); marina.manca@cnr.it (M.M.)
* Correspondence: rossanarc@libero.it

Abstract: Freshwater zooplankton are a key component of lake food webs and a respon-
sive indicator of changes occurring in an ecosystem’s structure and functioning. A new
challenge under climate change is to disentangle the effects of lake warming from changes
in lake trophic conditions, and ultimately to relate them to changes in zooplankton and
ecosystem functioning. In this study, we examined the zooplankton community of the large
deep subalpine Lake Maggiore (Italy) over a period of four decades, spanning changes
in both lake trophic conditions and climate warming. Using monthly data from the up-
per 50 m of water depth, we analyzed long-term trends and investigated the application
of zooplankton biomass-based indices in order to provide a better understanding of the
changes in the lake ecosystem over time. Examining annual and seasonal patterns of
different zooplankton taxa and groups, we observed over time a decreased contribution of
Daphnia sp. during the summer and a concurrent increase in microzooplankton, suggesting
a change in phytoplankton control in the lake during the recent period. Our study demon-
strates that zooplankton communities integrate environmental changes, and underlines
the importance of long-term monitoring and the inclusion of seasonality and the entire
size range of zooplankton as key components to allow the interpretation of lake ecosystem
functioning in response to trophic and climatic changes.

Keywords: zooplankton; biotic indicators; freshwater ecology; climate change;
long-term studies

1. Introduction
Lakes are effective integrators of past and present environmental changes over the

long term, combining responses to impacts at local, regional and global scales [1,2].
Different types of impacts result in diverse responses of lake biological communities,

modifying their spatial and temporal development and their interactions. Anthropogenic
pressures such as land use changes, overexploitation of freshwater resources, water pol-
lution and climate change interact over diverse spatial and temporal scales to generate
impacts on lakes, affecting their biogeochemical processes and, ultimately, their biotic
communities [3,4].

Freshwater zooplankton are a key component of aquatic food webs, and a prompt
indicator of changes occurring in a lake ecosystem’s structure and functioning. The impacts
of eutrophication are well known and include, for example, an increased contribution
of small-sized organisms and taxa, along with an overall increase in the density and
biomass of the total zooplankton community. Lake eutrophication reversal, achieved
through management measures in different areas of the globe during the last decades,
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has similarly resulted in zooplankton community changes. However, pre-eutrophication
communities are typically not entirely restored, owing to the effects of an extended period
of biotic interactions and evolution processes between organisms and their environment.
Aquatic food webs can be restructured if trophic levels differ in their responses to climate
warming [5]. Organisms at the base of food webs may also become smaller as waters get
warmer [6,7] although the consequences of warming-induced changes at the long-term
population dynamics level remain poorly understood in lakes [8]. When both changes to
trophic state and warming are occurring in the same lake, the effects of warming might be
outweighed by changes that limit primary productivity, such as oligotrophication [9,10].
Because changes in trophic state have recently coincided with warming in many lakes
worldwide [11], it is of primary importance to attempt to disentangle the two pressures by
using both multi-year and within-year analyses of long-term datasets. Long-term ecological
studies are essential to fully understand responses by lake ecosystems to perturbations,
while short-term studies give just a snapshot of the current conditions.

Zooplanktonic organisms are considered good indicators of environmental changes
and sensitive to anthropogenic impacts, occupying an important and strategic position
within the trophic web of a lake ecosystem [12–15]. Although historically recognized as
good indicators of environmental conditions and trophic status, zooplankton were surpris-
ingly not included in important legislation such as the European Water Framework Direc-
tive [16], despite their fundamental position in food webs in freshwater ecosystems [17]
and without a scientifically sound explanation for their omission [18].

Two main approaches are generally used for the development of biotic indices. One
is the synoptic approach, which includes studies across a number of different lakes. This
can be very effective, but does have the challenge of diverse hydro-biogeochemical settings
as confounding variables when analyzing the influence of trophic status and/or climate
change on plankton dynamics [19,20]. Alternatively, long-term studies of plankton dy-
namics, during different trophic and thermal conditions within one single lake, represent
a powerful tool, allowing changes to be identified while keeping lake geographical and
hydro-morphological settings constant.

Zooplankton long-term data are thus of great value to investigate and to relate their
community responses to lake trophic and climatic forcing.

Lake Maggiore is a large (area 212.5 km2), deep (depth max 370 m, mean 177 m)
subalpine (194 m a.s.l.) lake. It experienced eutrophication until the late 1970s, followed
by a reversal trend in the early 1980s in total phosphorous (TP) concentration, reaching
the present oligotrophic conditions. Temperature has shown an increasing trend since
2000, and the thermal stratification period has increased [21–24]. In the last decade, climate
change has represented the main driving factor for the lake’s evolution and processes,
affecting its hydrodynamics, nutrient status and biological communities [25].

In the context of investigating long-term lake biotic changes, Lake Maggiore provides
an excellent and consistent dataset for both physico-chemical parameters and biological
communities, including phytoplankton and zooplankton. In particular, the Lake Maggiore
dataset includes measurements of variables in the water column, from the surface to the
lake maximum depth (370 m), fundamental for including the vertical component into lake
dynamics, with phytoplankton and zooplankton community biomass estimates based on
the entire epilimnetic layer [26]. Often overlooked in large-scale studies, understanding the
vertical profile is of crucial importance in deep lakes, particularly for the effects of climate
warming and trophic status changes.

Previous studies have already presented and discussed the impact of climate warming
on the lake, describing the impact of temperature increases during the recent shift towards
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oligotrophy on lake hydrodynamics [27] and the response of food webs to seasonal and
long-term dynamics [8].

The aim of the present study is to investigate Lake Maggiore’s long-term zooplankton
data from 1981 to 2019, analyzed in terms of biomass collected in the water column
(0–50 m), in order to detect community changes and to investigate potential indicators of
climate and trophic drivers.

The inclusion of all zooplankton components in our analysis -crustaceans- including
their developmental stages (i.e., nauplii and copepodites), rotifers (distinguished as rapto-
rial or microphagous) [28,29] and species-level taxonomy, allow a study of changes both at
the species level and at the community level.

2. Study Site
Lake Maggiore is a large, deep lake bordering Italy and Switzerland, with an area of

213 km2, a fetch of 54 km, a mean depth of 171 m, and a maximum depth of 370 m. The
lake has undergone two main changes in recent decades. The first is oligotrophication since
the 1980s, driven by reduced nutrient loads [26]. The second is an incomplete mixing and a
limited response to daily changes in surface heat content, which have made Lake Maggiore
more sensitive to long-term warming air temperatures than other lakes in continental
climates [27]. Bottom layers deeper than 300 m have warmed by about 10% since the
1970s [27], with a 6% increase alone below 200 m between 2007 and 2016 [30]. Lake
Maggiore is an ideal site for disentangling trophic vs. climate change-related impacts. As
previously mentioned, based on long-term data, two distinct phases could be identified:
an oligotrophication phase, during which the total phosphorus concentration (measured
during the winter mixing) declined from values of around 25 mg/m3 in the 1980s to
10–11 mg/m3 in the 1990s [23,26,31–34]. Eutrophication reversal brought the lake back to
its pristine oligotrophy, with a maximum phosphorus concentration close to that which
was reconstructed from sedimentary diatoms in 1963 [35]. The second, more recent phase
is one of temperature increase, during which water temperature in the upper 20 m depth
has sharply increased, from mean annual values of 11–11.5 ◦C to 12.5–13 ◦C [23,33,34].
Lake warming has also resulted in an extension in the time and space of water thermal
stratification [36,37].

3. Materials and Methods
Sampling was performed in Lake Maggiore at the Ghiffa station (45◦58′30′′ N;

175 8◦39′09′′ E). This central site is generally representative of spatial patterns across
the pelagic zone in physical (e.g., temperature), chemical (e.g., total phosphorus [TP], pH)
and biological (e.g., plankton community composition) parameters [38,39].

Water temperatures were measured at discrete depths with mercury-filled thermome-
ters until 2010 [40]. Later on, thermal profiles were recorded with a multi-parameter
probe (Idronaut CTD 304); the two set of measures were used to calibrate the two
series of measurements. Monthly water temperatures were averaged over 0–20 and
0–50 m, respectively, corresponding to the euphotic zone that hosted the most phyto-
plankton and grazers [33,39,41], and the epilimnetic zone where Bythotrephes longimanus
and other zooplanktivourous were mainly distributed [21].

Fortnightly throughout the year, we took integrated phytoplankton samples to assess
biovolume and density within the 0–20 m layer [42]. Integrated samples for chlorophyll-a
analysis were collected within the 0–20 m layer [42]. Chl-a was measured using spectropho-
tometry in the period 1984–2009 [APAT IRSA-CNR, 225 2003], while measurements from
2010 were taken using a vertical profiling instrument (FluoroProbe, BBE Moldaenke), after
a careful check of the comparability of the two methods.
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Zooplankton were collected monthly, with a 76 µm Clarke–Bumpus plankton sampler
using sinusoidal hauls from 0 to 50 m [21,43]. Generally, few zooplankton are found in
waters deeper than 50 m in this lake during the daytime [21,31,44], because they are con-
strained by low temperatures and food availability [33]. We estimated the taxa composition
and taxa-specific abundance by counting under the microscope (ZEISS, 63× magnifica-
tion) at least 10% of the sample total volume or, for rare taxa, the entire volume. Taxa
identification was based on morphology, as reported in Kiefer [45], Kiefer [46], Einsle [47]
(for adult copepods) and Margaritora [48] (for Cladocera). The body length of at least
25 individuals/taxa was measured to estimate individual dry mass using length/weight
regression equations [49]. The standing stock biomass of the different components of the
net zooplankton was therefore calculated for each sampling date by multiplying individual
dry masses by their abundance.

Chemical analyses of lake samples were carried out at the Water Chemistry Laboratory
of the CNR Water Research Institute (CNR IRSA, previously CNR ISE) in Verbania Pallanza,
using standard methods for freshwater samples [50,51]. Details on the analytical methods
and the QA/QC procedures adopted in the laboratory are available at http://www.idrolab.
irsa.cnr.it/ (accessed on 5 November 2024).

Statistical analysis, data visualization and time series analysis were performed with
R software ([52] 2016; R core team, version 4.4, 2019; [53] Wilke, 2024). Theil–Sen trend
analysis (R package openair [54]) was carried out to estimate the slope of the zooplankton
biomass and indicators. Non-parametric test outcomes pertain to the observed annual and
seasonal data. Spearman rank correlation analysis between selected taxa and environmental
variables was carried out in the R package GGally [55].

In order to examine the factors influencing the abundance of selected zooplankton taxa
and groups (Daphnia sp. and microzooplankton) in the time series and handle temporal
correlations appropriately, an ARIMAX model (autoregressive integrated moving average
with exogenous variables) was fit using the “auto.arima” function in the forecast package in
R [56]. First and seasonal differencing was carried out and confirmed using an augmented
Dickey–Fuller (ADF) test to achieve stationarity. Prior to time series analysis, gap filling
was carried out using Kalman smoothing [57] to impute missing data for the following
variables: Daphnia (7%), chlorophyll-a (7%), total phosphorous (17%), water temperature
0–20 m (15%) and microzooplankton (14%). Predictive variables were also added iteratively,
and the resulting models were examined using the AIC (Akaike information criterion) to
determine the best model.

4. Results
4.1. Time Series and Long-Term Trends

Theil–Sen trend analysis revealed an overall (p ≤ 0.001) decrease in the chlorophyll-a
concentration over the studied period (Figure 1). In particular, an initial decrease occurred
from 1981 to 1995, i.e., during the lake oligotrophication phase. This was followed by a
further, more moderate decrease that later stabilized, although with larger variations in
the last decade with the detection of high peaks in chlorophyll-a concentration (hereafter
referred to as [Chl-a]).

Total zooplankton biomass decreased between 1981 and 1996, from a mean of
75–80 to about 40 mg dry weight/m3—hereafter referred as [DW]—corresponding to
the lake oligotrophication phase (Figure 2). Successively, it increased to 65–70 mg DW/m3

until 2010. The between-year and within-year variability increased during the most recent
years of the lake warming phase.

http://www.idrolab.irsa.cnr.it/
http://www.idrolab.irsa.cnr.it/
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(* = 0.05, ** = 0.01, *** = 0.001). 
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of the lake warming phase. 

Daphnia biomass sharply decreased between 1988 and 1996, reaching a minimum 
mean annual biomass of 0.7 mg DW/m3 in 1995 and 0.4 mg DW/m3 in 1996. Daphnia bio-
mass increased again afterwards, when the between-year variability increased and excep-
tional peaks occurred (e.g., in 2003 with 113 mg DW/m3 in April and an annual average of 
15.4 mg DW/m3). 

Figure 1. Chlorophyll-a concentration (mg/m3) in the upper 20 m depth of Lake Maggiore during
the investigated time period (1981–2019). (Top graph): time series of monthly data. A blue smoothed
LOWESS trend line has been fit to the data. (Bottom graph): Theil–Sen trend; significance is reported
(* = 0.05, ** = 0.01, *** = 0.001).

Daphnia biomass sharply decreased between 1988 and 1996, reaching a minimum mean
annual biomass of 0.7 mg DW/m3 in 1995 and 0.4 mg DW/m3 in 1996. Daphnia biomass
increased again afterwards, when the between-year variability increased and exceptional
peaks occurred (e.g., in 2003 with 113 mg DW/m3 in April and an annual average of
15.4 mg DW/m3).

Biomass of nauplii (copepods, including calanoids and cyclopoids) and of rotifers
(monogononts) significantly increased over the long term (Figure 3). In particular,
the nauplii biomass started to increase from 1996, while that of rotifers increased in
a later period (after 2000), when frequent blooms of unprecedentedly high biomass
(>65 mg DW/m3) were detected.
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Overall, the microzooplankton biomass greatly increased during the studied period
(Figure 4 Theil–Sen analysis, p < 0.001), particularly from the year 2000.

In general, values between 1981 and 2000 (during the first phase of lake oligotrophication)
were typically less than 10 mg DW/m3 (average period 1981–1999 = 7.3 mg DW/m3), but were
typically above this between 2001 and 2019 (average period 2000–2019 = 14.1 mg DW/m3) dur-
ing the lake water warming phase. The between-year variability also increased, particularly
during the last decade, when occasionally high peaks (2006 and 2015) and troughs (2018) in
biomass were detected.

The ratio of total zooplankton biomass to [Chl-a] (Figure 5), an index of overall zooplank-
ton control or grazing pressure on phytoplankton (chlorophyll-a concentration) [18,58–60],
remained quite stable between 1981 and 1996; thereafter, it started to increase and to be-
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come more dynamic after year 2000. Overall, during the entire period considered, the ratio
increase was significant (Theil–Sen analysis, p < 0.001).
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4.2. Seasonality

Analysis of the seasonal dynamics of Daphnia (Figure 6, upper graph) revealed a
significant biomass decrease in summer (particularly from 1988 to 1996), with low values
afterwards, which was followed by a shift to higher biomass in spring from the year
2000 onwards. Seasonal analysis in Figure 6 shows that the decrease in Daphnia biomass
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during the summer matched a population increase in springtime, indicating a potential
phenological shift.
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Figure 6. Seasonal (Theil–Sen) trends for Daphnia biomass (upper graph) microzooplankton (nauplii
and monogonont rotifers) (lower graph) biomass in Lake Maggiore. Red solid lines indicate Theil–Sen
trends, and dotted red lines the 95% confidence intervals. For each season, ratios of annual change
and statistical significance (* = 0.05, ** = 0.01, *** = 0.001) are reported. Time period: 1981–2019.

Overall, the biomass of the microzooplankton (nauplii and monogonont rotifers) sig-
nificantly increased during spring, summer and less evidently in autumn, while remaining
unchanged during winter (Figure 6, lower graph). Spring biomass increased from an
average of 4 mg dry weight/m3 to 15 mg dry weight/m3, with the highest values recorded
during the last decade, while summer biomass increased from an average of 5 mg DW/m3

to 14 mg DW/m3, with the highest peaks recorded from the year 2000 onwards.
Analysis of seasonality revealed that the steepest increases in nauplii biomass occurred

in summer, although significant increases were also detected in spring and autumn.
The ratio of total zooplankton biomass to [Chl-a] significantly increases in the winter

period (December, January and February), and slighter increases were also observed in
spring and autumn, while no significant variation occurred during the summer months
(Figure 7).

Seasonal analysis therefore suggests that the overall zooplankton grazing control over
the phytoplankton did not change in summer, despite changes in the summer community
composition, due to the sharp decrease in Daphnia and the increase in microzooplankton.
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Focusing on the summer months (June, July and August), we found that while no
significant trends occurred in the ratio of total zooplankton to [Chl-a], starting from 1988,
a significant decrease in the ratio of Daphnia biomass to [Chl-a] occurred and over time
remained at low values. This decreasing trend matched the increasing trend in the ratio of
microzooplankton biomass to [Chl-a] (Figure 8).
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Figure 8. Summer values (mean of June–July–August) of the ratio of total zooplankton biomass to
[Chl-a] (top graph), ratio of Daphnia biomass to [Chl-a] (second graph) and ratio of microzooplankton
biomass to [Chl-a] (bottom graph). Blue line represents LOWESS smoothed estimate.
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The ridge plot in Figure 9 shows the shift in biomass of Daphnia sp. and microzoo-
plankton in Lake Maggiore during the studied period. Up until 1990, the dominance of
Daphnia sp. is clearly evident, both in biomass and seasonal extent. During the 1990s, there
is a dramatic shift in the dominance of microzooplankton (MIC), followed by the return of
Daphnia in the 2000s with a clear phenological shift during early spring. From 2010 onwards,
there is some overlap between the taxa, but is largely dominated by microzooplankton.
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We performed a correlation analysis of the key zooplankton taxa and environmental
parameters to support the time series examination and interpretation (see Figure S5 in the
Supplementary Materials).

In order to examine the interrelationships between the zooplankton time series and
environmental variables, an ARIMAX model was used. For Daphnia (biomass), the ARI-
MAX model with the lowest AIC was with two parameters (3564, Chl-a, TP), lower than
that with all three variables (3568, Chl-a, TP, temperature). Examining the results for all
components, the moving average and seasonal terms had high coefficients and significant
z-score values (Table 1). Of the additional variables, chlorophyll-a was significant, while
TP and temperature were 0.281 and 0.708, respectively. Notably, the coefficient for Chl-a
was negative.

Table 1. ARIMAX results for Daphnia, z-scores and p-values calculated from coefficients and std error.

Coefficient Estimate StdError ZScore p-Value

Moving Average 1 −0.877 0.050 −17.443 ≤0.001

Moving Average 2 −0.098 0.050 −1.982 0.047

Seasonal AR 1 0.894 0.338 2.640 0.008

Seasonal AR 2 −0.141 0.077 −1.826 0.068

Seasonal Moving Average 1 −1.510 0.338 −4.462 ≤0.001

Seasonal Moving Average 2 0.606 0.231 2.617 0.009

Intercept 0.005 0.006 0.841 0.400

Chl-a −0.696 0.274 −2.539 0.011

TP 0.326 0.302 1.078 0.281

Water temperature −0.161 0.429 −0.375 0.708

For microzooplankton (biomass), the ARIMAX model for three variables had a slightly
lower AIC value (3121, Chl-a, TP and temperature) than the model for two parameters (3127,
Chl-a, TP). Examining the results for all components, the moving average and seasonal
moving average terms had high coefficients and significant z-score values (Table 2). Of
the additional variables included, none were significant. The ARIMAX predicted model
results were compared with observed values for Daphnia and microzooplankton, together
with diagnostic checks on residuals, where a Ljung–Box test confirmed no significant
autocorrelation (p > 0.2, df = 24) (see Supplementary Materials).

Table 2. ARIMAX results for microzooplankton, z-scores and p-values calculated from coefficients
and std error.

Coefficient Estimate StdError ZScore p-Value

Moving Average 1 −0.843 0.048 −17.493 ≤0.001

Moving Average 2 −0.135 0.048 −2.797 0.005

Seasonal Moving Average 1 −0.710 0.048 −14.755 ≤0.001

Seasonal Moving Average 2 −0.112 0.052 −2.140 0.032

Chl-a −0.214 0.174 −1.229 0.219

TP −0.202 0.180 −1.117 0.264

Water temperature 0.360 0.266 1.353 0.176
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5. Discussion
Choosing appropriate biotic indices is a crucial task when investigating the role of

zooplankton under changing environmental conditions. The topic was largely explored in
relation to changes in lake trophic status, acidification and the identification of top-down vs.
bottom-up mechanisms controlling the pelagic food web. The new challenge we are facing
under climate change is disentangling climate from trophic drivers. By analyzing the long
time series of the zooplankton community in the large and deep perialpine Lake Maggiore,
we had the opportunity to relate changes in lake trophic conditions and water warming to
changes in zooplankton and to test the behavior and effectiveness of zooplankton indices.
Long-term studies of individual lakes, including different trophic and thermal conditions,
are indeed powerful tools for testing biotic indices, because changes can be identified
while keeping lake geographical and hydro-morphological variables constant. Synoptic
studies across a number of different lakes are equally valuable and can be very effective,
but differences in hydro-morphological characteristics and ecological settings might be
problematic as confounding variables when analyzing the influence of trophic and climate
change effects on zooplankton communities.

In this study, we chose to investigate long-term biomass trends and biomass-based
indexes. This is because zooplankton biomass is a combination of population density and
size structures; both are parameters which are likely to be affected by trophic and climate
driven changes, and are able to impact the timing and functioning of the entire pelagic
food web. The method we used for biomass calculation was based on LWRE. Although
requiring individual measurements for each sample, this method has been shown to result
in the most realistic biomass estimates [61]. The choice of using a ratio of chlorophyll-
a concentration to zooplankton biomass is common in limnology, because it is easily
measurable and comparable across time and space in lakes, when the goal is to trace overall
changes and fluctuations in algal biomass (other than changes within the phytoplankton
community structure).

Our measurements referred to data from the epilimnion and the upper 50 m depth,
therefore accounting for processes and changes along the water column, in a layer where
lake primary and secondary production take place and thermal stratification would oc-
cur. This vertical approach is not common in ecological studies, despite being of vital
importance for understanding the functioning of deep lakes. In addition to annual in-
dices, we investigated seasonal indices, as changes in phenology are a fundamental trait of
climate-driven impacts on long-term plankton dynamics.

Lake Maggiore is a case study in which the most recent water warming has occurred at
stable lake oligotrophic conditions (low TP), having followed the previous oligotrophication
process which occurred during a period of minor changes in water temperatures.

Most of the zooplankton indices used are “Daphnia-centric”, based on Cladocera
and particularly on Daphnia. This approach, likely resulting from a prevalence of studies
on shallow rather than deep lakes, relies on the correspondence between Daphnia and
phosphorus concentration [62–64] and on the knowledge of Daphnia as an unselective
filter feeder and major regulator able to control phytoplankton growth. However, the
role of microzooplankton cannot be overlooked in deep lakes, such as Lake Maggiore,
where they represent a large part of the zooplankton community [29,33,65]. Changes in the
relative contribution of large-to-small or meso-to-microzooplankton are largely expected,
e.g., in deep lakes with eutrophication reversal and climate warming, as suggested by
Daufresne [66], among others.

When other indices of top-down control (such as the cyclopoids–diaptomids ratio)
were applied, they were restricted to the adult compartment of the populations, overlooking
immature developmental stages (nauplii). By choosing to include nauplii in our analysis,
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we acknowledged their importance in the copepod populations and in the total biomass
of microzooplankton. In fact, the largest part of their populations comprise naupliar
stages sharing the same food type, i.e., <20 µm food particles. which in the case of Lake
Maggiore, it mostly comprises phytoplankton cells, and also competing with Daphnia for
food resources (see Brooks and Dodson’s size efficiency hypothesis [67]).

Another important component of microzooplankton are the digononta rotifers, which
received great attention when eutrophication was the most relevant ecological issue world-
wide and largely debated, in terms of predation impact of a transition of the zooplankton
community towards small zooplankton in general.

In Lake Maggiore, we were able to test changes in the contribution of microzooplank-
ton (with a distinction of naupliar stages and microphagous rotifers) against that of Daphnia
and of the other components of the mesozooplankton through the years and seasons.

In our study, we found that the microzooplankton, including naupliar stages of
copepodites and rotifers, increased in biomass from around 1996 to 2000. This increase
was thus less related to the period of change in lake trophic status, as it occurred when
oligotrophic conditions were already restored and established. In fact, TP remained at
low concentrations and the chlorophyll-a concentration underwent a declining trend. The
increase in the microzooplankton component appeared to be more related to the most
recent lake water warming instead, as water temperatures in Lake Maggiore increased
by 1.5 ◦C and thermal stratification became more marked and longer-lasting [36,37]. As a
consequence of the increase in the strength and duration of the thermal stratification, along
with other meteoclimatic conditions, full circulation of the water column in Lake Maggiore
was not observed in recent years, enhancing the segregation between the epilimnion
and hypolimnion.

Under intensified thermal stratification, the epilimnion of deep lakes is segregated for
a longer time from deeper waters, resulting in nutrient-limiting conditions [37,68–71]. Lake
warming and increased water thermal stratification under stable oligotrophic conditions
and low nutrient levels are likely to favor the development of small-sized zooplankton,
characterized by shorter and fast generation times [72]. Also, in the case of naupliar stages,
their production might be enhanced by a positive effect of warmer water temperatures.
Results from the ARIMAX model had coefficients that indicated that microzooplankton
was positively related to water temperature and negatively related to total phosphorus
and chlorophyll-a, although not at a significant level. These results lend some support to
the hypothesis that warmer and oligotrophic lake conditions might favor the growth and
the establishment of small-size zooplankton. The environmental variables included in the
ARIMAX model (such as temperature) are highly seasonal, and this variation may have
been well captured by the model’s seasonal components, leaving less additional variation
to explain. In this context, it is still useful to examine the direction of coefficients.

Seasonal analysis revealed that the increase in microzooplankton was particularly
significant during spring (March–April–May) and summer months (June–July–August),
when water temperature is higher and thermal stratification is more pronounced. Summer
was also the season when algal nutrients were most depleted [73]. While the increase
in spring might be related to a phenological shift, the significant summer increase in
microzooplankton was likely promoted by increased water temperatures and concurrently
enhanced by a release from food source competition because of the sharp decline in the
Daphnia population. Seasonal analysis revealed, in fact, that during the long-term period,
Daphnia biomass significantly declined in summer while it increased in spring, and that
the contribution of Daphnia to total crustacean biomass decreased markedly during the
summer months.
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An overall decline in the population of Daphnia sp. in Lake Maggiore occurred/started
in the late 1980s and was mainly caused by the predatory pressure of the cladoceran
Bythotrephes longimanus [74]. In fact, it was demonstrated that the Daphnia decline matched
an exponential increase in Bythotrephes longimanus population density, consequent to an
increase in both year persistence and peak densities, tenfold higher than those previously
detected [21,23,43]. After that, Daphnia biomass subsequently increased again in the late
1990s. However, the increase was concomitant with a change in population phenology,
with a major increase occurring in spring rather than in summer. A phenology shift in
biomass peaks from early summer to spring was confirmed by interannual analysis [21].
Such a change in phenology occurred after the expansion of Bythotrephes longimanus in Lake
Maggiore and the related Daphnia population decline [26,43].

Overall, the chosen indicators of the top-down pressure of zooplankton on phyto-
plankton (i.e., chlorophyll-a concentration) revealed interesting patterns.

The ratio of total zooplankton biomass to chlorophyll-a concentration, an indica-
tor of overall zooplankton grazing pressure on phytoplankton (chlorophyll-a) [18,75–77],
appeared to remain quite stable between 1981 (the start of the time series) and 1996, cor-
responding to the lake oligotrophication phase. The ratio then started to increase and
to become more dynamic after year 2000, when water warming started to manifest as
a dominant climatic factor for Lake Maggiore. Seasonality analysis revealed that the
ratio of zooplankton to [Chl-a] particularly increased in springtime (March–April–May)
and winter (December–January–February), while it remained unchanged during summer
(June–July–August). The increase in winter might represent changing zooplankton commu-
nity phenology with an earlier start of development somewhat anticipating spring, since
the winter period in our seasonal analysis also included the month of February. There-
fore, our analysis pointed out the importance of both annual and seasonal patterns, in
order to understand variations in the community in relation to changes in trophic and
climatic conditions.

Regarding the ratio of Daphnia biomass to [Chl-a], from initial values of around 10
during the 1980s it started to decline sharply in 1992, corresponding to the decline in the
Daphnia population biomass due to predation, and then began to increase again in 1998–
1999. Seasonal analysis revealed that the ratio had a significant increasing trend during
spring (March–April–May) and a decreasing trend during summer (June–July–August).
The ratio of microzooplankton biomass (MIC) to [Chl-a] significantly increased during
the studied period, from low values (<5) in 1999, followed by higher values in the early
2000s, with maximum values of 10 in present times. Although the increase was observed
throughout the year, it was especially important during summer and autumn. Also in
this case, seasonality analyses were essential for understanding how the declining role of
Daphnia in summer was counterbalanced by an increased importance of microzooplankton.

Another ratio we investigated was the ratio of MIC to MAC, i.e., the ratio of the
biomass of microzooplankton (nauplii and rotifers) to the biomass of macrozooplankton
(cladocerans and copepods, herbivorous filter-feeders). This gives an indication of changes
over time in the relative biomass of small vs. larger zooplankton, and is independent
from the chlorophyll-a concentration. In our study, overall, this ratio increased during the
investigated period, with the increase being particularly significant and steep during the
summer months (June–July–August).

Comparing the ratio of Daphnia biomass to [Chl-a] with the ratio of microzooplankton
biomass (MIC) to [Chl-a], and also comparing Daphnia biomass and microzooplankton
biomass timelines, we found a time lag of about 7–8 years (from 1991–1992 to 1999–2000),
from the decline in Daphnia biomass to the increase in microzooplankton biomass and their
stabilized importance during the summer months (June–July–August). During this period
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of lag time, the summer chlorophyll-a concentration was still declining from values above
5 mg/m3 in the 1980s, reaching annual values below 3 mg/m3, while after the year 2002
the trend generally stabilized, although with larger variation and with the occurrence of
high Chl-a concentration peaks.

Therefore, from the point of view of zooplankton species or/and groups in competition
for food resources, the decline in the population of Daphnia (for reasons other than food
scarcity, i.e., Bythothrephes longimanus predation pressure [74]) was likely to have left a
competition window for the microzooplankton component of the zooplankton community.
However, the microzooplankton increased a few years later, when TP and Chl-a stabilized
at lower concentrations (the TP concentration in the winter mixing was 10–11 mg/m3,
see [42]) in the lake. This was especially seen in the summer months, when temperature and
stratification conditions also increased, and complete mixing of the water column was rare.
In fact, the overall stable values of TP (ca. 11 mg/m3) after the year 2000 could be mainly
explained by meteoclimatic conditions, rather than by only eutrophication reversal [42].

Therefore, after 2000, under the new and stable conditions of oligotrophy, with low
nutrient and chlorophyll-a concentrations, higher temperatures and more stratified water
conditions, the microzooplankton component thrived better than the Daphnia population
during the summer months. Moreover, small-sized phytoplankton might also play a role,
since phytoplankton displayed a decrease in cell size during the period considered [26].

Further analysis confirms the top-down control of zooplankton on phytoplankton
(chlorophyll-a) during summer in the last decade. Our findings reveal that the ratio of
microzooplankton to [Chl-a] is high when the phytoplankton size is small and that the
ratio of Daphnia to [Chl-a] is directly related to phytoplankton size. Therefore, as cell size
decreased with eutrophication reversal [26], this indicates that the success of microzoo-
plankton might also be related to a higher exploitation efficiency of small phytoplankton.
Therefore, during summer the overall zooplankton grazing control over phytoplankton
did not significantly change, although the community composition in summer changed,
with a decrease in Daphnia and an increase in the microzooplankton component.

These findings provide rare validations from nature for mesocosm and whole-lake
experiments that predict more positive responses of higher trophic levels to future climate
warming effects [6,77–79].

Substitution of Daphnia by increased microzooplankton in the summer did not affect
the Chl-a concentration, since between 2000 and 2010 it remained quite stable (on average
<5 mg/m3), while the phytoplankton mean cell size declined [26,80]. The summer increase
in microzooplankton and the overall control on phytoplankton biomass resulted in a
moderately low concentration of chlorophyll-a. The overall control of phytoplankton
during the summer might have also been caused by the contribution of Diaphanosoma
brachyurum, a thermophile cladoceran of a smaller body size than Daphnia longispina group
which is usually present during summer months, and increased over the last decade [81]
(see correlation results).

Although chlorophyll-a was measured at low concentrations after the year 2000, in
the last decades there have been some exceptions where algal blooms have occurred, likely
related to climate change. It was in fact hypothesized that the occurrence of Anabaena
sp. blooms in the lake was caused by a succession of drought periods followed by high
precipitation, and a consequent flush of nutrients into the lake [82,83], while the occur-
rence of Mougeotia blooms was related to increased stratification conditions [84,85]. Such
exceptional algal peaks might also be interpreted as a temporary decoupling between the
start of phytoplankton growth and the temporary failure/inability of grazing control by
microzooplankton in the above climatic and thermal lake conditions.
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The increased importance of small-sized zooplankton could be also a sign of enhanced
fish predation, since warming might result in favoring the development (faster reproduc-
tion) of small fish feeding on larger sized zooplankton (cladocerans) [86–88], leading to a
lower phytoplankton control in the system. However, in the case of Lake Maggiore and
likely for other deep oligotrophic lakes, a potential increase in predation pressure by fish
on zooplankton did not result in a lower control on phytoplankton, but in a shift of ‘duty’
from large- to small-sized zooplankton. This is confirmed by our results, since the ratio
of zooplankton to [Chl-a] had a slight but significant increase, and it remained seasonally
unchanged during the summer months when the shift from large cladocerans to small-sized
zooplankton was more evident. It should also be remembered that fish predation has a
greater impact on zooplankton communities in shallow than deeper lakes [86,89,90].

Global climate warming is expected to greatly alter lake zooplankton biomass and
abundance [91–95]. Experimental studies have shown that water temperature can influence
zooplankton structure and composition [96], and that warming selects for smaller-sized
and fast-growing, r-trait zooplankters [97]. Other studies [98] have suggested that tem-
perature increases above 25 ◦C favor the development of small-bodied species and can
cause dramatic changes in the ecosystem structure of temperate lakes. Research on the
long-term succession of cladoceran assemblages in lake sediments showed a shift in abun-
dance from large-bodied Daphnia to small-bodied species in alpine lakes as a response to
climate warming [99]. These findings are supported by the metabolic theory of ecology that
suggests that organism sizes decrease with temperature, because small-bodied organisms
have higher metabolic rates, grow faster and reproduce earlier—similar to r-strategists [98].
The effect of temperature on organism size has recently been considered to be the third
effect of climate change on ecosystems [99], including seasonal shifts and/or mismatches
in life cycle.

Phytoplankton abundance will also increase with rising temperatures, as a result of a
direct temperature effect as well as due to reductions in zooplankton grazing pressures on
phytoplankton [99].

Besides its direct effects on zooplankton metabolic rates and survivorship, temperature
can affect water’s physical and chemical parameters, inducing changes in lake biotic
communities such as fish, phytoplankton and macrophytes, and ultimately in the biomass
and composition of zooplankton [91].

6. Conclusions
A crucial aspect of the debate on the impact of climate warming is whether and how

it differs from the impact of trophic changes, particularly in the ability of zooplankton to
control phytoplankton growth. Based on the classic ratio of total zooplankton biomass
to [Chl-a], this ability was basically unchanged during the summer with warming. This
apparent paradox, which went against the evidence of the occurrence of summer algal
blooms during the warming period, was solved when the different components of the
total zooplankton biomass were analyzed. Warming was in fact linked to an increased
importance of the microzooplankton, characterized by rapid phases of increase and fast
crashes, occasionally unable to control bursts of phytoplankton growth. As a proof of
the fact that warming was the driver of the observed changes, seasonality analysis of
the indicators was crucial. This therefore suggests that both micro and total zooplankton
biomass and their seasonal evolution are the basic information that we need to study
processes related to the climate, and can be used to disentangle those processes from those
driven by changes in trophy.

Our study provides a novel contribution to the development of zooplankton indicators
at both a regional and global scale, highlighting the importance of including organisms, at
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least at group level, covering the entire range of body size of the zooplankton community.
Moreover, the study suggests that, in the case of calculating zooplankton indicators, sea-
sonal ranges are more preferable than annual means and that biomass represents the best
parameter including both abundance and size of a zooplankton community.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w17040511/s1, Figure S1. ARIMAX model predicted results
compared with observed values for Daphnia biomass. Figure S2. Residuals from the fitted ARIMAX
model for Daphnia biomass. Figure S3. ARIMAX model predicted results compared with observed
values for Microzooplankton biomass. Figure S4. Residuals from the fitted ARIMAX model for
Microzooplankton biomass. Figure S5. Correlation plot matrix of log (x + 1) transformed summer data
(June, July, August) for environmental variables and taxa. Spearman Rank values and significance in
upper part of figure. Abbreviation: Chla_a = Chlorophyll-a, TP = total phosphorus, Temp = Water
temperature, Daphnia = Daphnia longispina-galeata group, Diaphanos = Diaphanosoma brachyurum,
Bosmina = Bosmina, Bythotr = Bythotrephes longimanus, Leptodo = Leptodora kindtii, Rotifers = Rotifers,
Nauplii = Nauplii, Diaptom = adult diaptomids, Cyclops = adult cyclopoids.
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