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A few words about me
I am associate professor in Ecology at the Department of 
Chemistry, Life Sciences and Environmental Sustainability 
of the University of Parma, where I coordinate the 
Laboratory of Benthic Functioning (BeFun). 

To say that I am affiliated at Klaipeda University is 
reductive. I was feeling home from the very first time I 
came to Lithuania, back in 2009, and during these 14 years 
I received a lot from my colleagues, and from the human 
and natural environment. 

I am a biogeochemist and ecosystem ecologist broadly 
interested in aquatic ecosystems and in how humans alter 
their functioning. I am focused on answering questions 
about energy flow and biogeochemical cycling of elements 
as C, O, S, N, P, Si across the land-water continuum. 

Research themes include: -eutrophication; - primary 
production in aquatic environments; - bioturbation and 
benthic heterotrophic processes; - greenhouse gas 
dynamics in shallow water bodies; - interactions between 
microbial communities and macrophyte roots; - nutrient 
mass balance at different spatial scales; - the impact of 
agriculture, animal farming and aquaculture on aquatic 
environments.



That was one of the early test that Mindaugas and Tomas 
did to me. «If you are able to collect sediment cores from 
Plateliai Lake in winter you can join the group». That is still
far from being a true samogitian but I passed the exam.



Ecology & Limnology in Parma

They were introduced as scientific
disciplines by the end of 1960 by Prof. 
Antonio Moroni. 

He founded the Laboratory of Ecology
(1973), the Institue of Ecology (1976), and 
the Italian Society of Ecology (1976).

He was a limnologist and he started his
research monitoring the Appenine Lakes
and in particular the risk of their
acidification.

He strongly believed in long term series of 
data, in the necessity of frequent
monitoring to catch changes. He was also
thinking of remote lakes as 
environmental sentinels (he was right…)

Prof. Antonio Moroni 

(13.06.1925-18.08.2014)

Acid rain, lakes as atmosphere sentinels
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The SENTINEL issue





The vast majority of lakes in the world 
are small. A few are huge



Lakes represent small 
sufaces of the planet, 
however they are 
important elements of the 
landscape and offer a 
large number of 
ecosystem services

In order to fully 
understandhow climate 
change and 
eutrophication affect their 
functioning, we need to 
speak about gas solubility, 
water density, watersheds 
to lake surface ratios, 
differences with terrestrial 
ecosystems and regime 
shifts



Terrestrial and aquatic access to O2

-The earth atmosphere contains an incredible amount
of oxygen (21%). At sea level such amount corresponds
to nearly 300 mg O2 per litre of air.

-Atmospheric oxygen concentration does not vary
among seasons or between night and day hours and it 
does not undergo long-term changes

-Terrestrial organisms are never oxygen-limited. In 
unsaturated soil air (and oxygen!) can penetrate by 
meters and meters

-What about dissolved oxygen in lakes?



Gas solubility

• P = kC

• P= Pressure of a gas

• k= Henry’s Law Constant

• C=concentration of the gas

N2, O2, Ar, CO2, CH2…

Henry law



Oxygen solubility in freshwater



Oxygen availability in lakes

• The law of Henry allows to calculate the theoretical
concentration (the saturation) of a given gas in the 
water, knowing its concentration in the atmosphere
and its solubility

• At 20°C, theoretical oxygen concentration in a 
freshwater lake is nearly 9 mg per litre, around 30 
times less than the atmospheric concentration (!)

• Solubility increase at lower temperatures but
decrease at higher temperatures, coinciding with 
hight metabolic activity

Lakes have much lower oxygen than terrestrial ecosystems!



Supersaturation, undersaturation 
and the paradox of production

O2

O2 sat > 100% O2 sat < 100%

O2

Macrophytes production can lead to transient oxygen supersaturation, that results in 
excess oxygen evasion to the atmosphere to restablish Henry equilibrium. Benthic or 
pelagic respiration can result in oxygen undersaturation, stimulating atmospheric
oxygen diffusion into the water column.
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Microprofiling
revealed
that lakes 
sediments are 
mostly anoxic

14



Is it better to be a very productive lake?
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The biomass remains, the oxygen goes



What about CO2?
• Very low atmospheric

concentration (0.04%)

• Very  high solubility

Lakes are always CO2 supersaturated
As such they are CO2 (and CH4!) 
sources to the atmosphere, due to 
large OC inputs from watersheds!



Lakes as Watershed
sentinels

• Lakes are island of waters surrounded

by large amounts of forested or cultivated land.

• Land use changes produce measurable effects in lakes

• Such changes can be due to agriculture, fires or to climate
change, affecting primary production by forests

• The watershed to lake surface ratio is so high that no
primary producer can contrast OC input, its mineralization
and CO2 production, resulting in constant supersaturation
and evasion

Net autotrophy, net heterotrophy, C sink, C source, burial, CO2 evasion



Another important issue…

• …making the functioning of terrestrial and lake
ecosystem overall similar but as a result of different
pathways: herbivory and decomposition pathways
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Take home 
message

• Oxygen availability is much
lower in lakes than in terrestrial
ecosystems and lakes cannot
trap or retain oxygen

• Lakes retain organic carbon that
they produce or that they
receive from surrounding
terrestrial ecosystem

• Better to produce less, to avoid
oxygen problems

• Lakes are seldom included in 
globas C budgets

• Any increase of temperature or 
change in land use can decrease
gas solubility, increase
heterotrophic activity and 
nutrient inputs (climate change
is similar to eutrophication…)



Water density varies
together with temperature. 

It peaks at 4°C.

Water with temperatures
below or above 4°C are 

therefore lighter.

Density-temperature relationships, 
stratification, mixing and climate change



Empirically we test this relationship during
summer, when we swim in a lake and feel
the cohexistance of stratified water 
masses (warmer in the surface, colder and 
heavier deeper).

The same phenomenon occurs during
witner, with water close to 0 °C that float 
over warmer waters at 4°C. But you need
to be samogitian to validate this with 
your body.



Temperature-dependent density
and seasonal lake stratification

Critial periods for a lake are those of stratification. The full overturn
represents instead a short, vital phase for lakes, during which oxygen

and nutrients are redistributed along the whole water column.



What happens to lake water chemistry
(oxygen) during stratification?



What happens to lake 
water chemistry 
(nitrogen) during 
stratification?

The effects of stratification depend on 
the trophic status



What happens to lake water chemistry
(metals) during stratification?

Profiles of redox potential and of reduced metals are steeper
under eutrophic conditions



Take home message

• Due to density-temperature relationship lakes can 
stratify

• Lakes can be polimictic, dimictic, monomictic, 
oligomictic and meromictic

• The effect of prolonged stratification on lakes
biology and chemistry depends on the trophic
status

• Climate change surely affects stratification, acting
upon water temperature, ice-cover period, lakes
heating and cooling, wind, precipitation



Regime 
shift 
theory

Transparent

Turbid

(Nutrient level)





Climate change should decrease fish mortality (e.g. vial less ice cover), and 
increase nutrient levels in lakes (due to transport, regeneration, hypoxia). It should

facilitate the transition between stable transparent and stable turbid states



With all this in mind what
are the expected effects

of climate change on 
lakes?



O’Reilly, C. M., et al. (2015), Rapid and highly variable warming of lake surface waters 
around the globe, Geophys. Res.Lett.,42, 10,773–10,781, doi:10.1002/2015GL066235.



Lake summer surface water temperatures (LSSWT) are warming significantly, with
a mean trend of 0.34°C decade-1 (95% CI: 0.16–0.52), across 235 globally
distributed lakes between 1985 and 2009 (Figure 1). This warming rate is
consistent with the rapid annual average increase in air temperatures (0.25°C
decade-1) and ocean surface temperatures (0.12°C decade-1) over a similar time
period (1979–2012).



For individual lakes, air and lake temperature trends often diverged (Figure 2), emphasizing
the importance of understanding the various factors that control lake heat budgets rather
than assuming lake temperatures will respond similarly to air temperatures. Although
warming is widespread, LSSWT trends range from 0.7 to 1.3°C decade-1 and show clear
regional variation. Previous studies that have used only satellite data, necessarily
constrained by the technology to focus on larger lakes, also reported a range of warming
rates, in step with or exceeding that of air temperature.



Jane, S.F., Hansen, G.J.A., Kraemer, B.M. et al. Widespread deoxygenation of temperate 
lakes. Nature 594, 66–70 (2021). https://doi.org/10.1038/s41586-021-03550-y



Although deep-water temperatures have been almost stable since observations began 
(−0.01 °C decade−1) (Fig. 1a), both deep-water DO concentration and the percentage 
saturation declined over time (−0.12 mg l −1 decade −1 and −1.2% decade −1, respectively) 
(Fig. 1b, c). Declines were unrelated to solubility as predicted changes based on 
solubility (slight increase of 0.01 mg l −1) were negligible compared with observed losses 
(median of −0.23 mg l −1) based on the last five years relative to the first five years of 
each time series.

deep water surface water



“Ocean deoxygenation 
is taking place all over 
the world as a result 
of the human 
footprint, therefore 
we also need to 
address it globally.”

“Dead zones will 
continue to expand 
unless the major meat 
companies that 
dominate our global 
agricultural system 
start cleaning up their 
supply chains to keep 
pollution out of our 
waters.”

Deoxygenation is a widespread
phenomenom in all aquatic ecosystems





Eutrophication, hypoxia
(and climate!)

Remember, the biomass remains and 
the oxygen goes
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What about the Italian Alpine Lakes?



Alpine lakes are warming and the risk associated is permanent
stratification (mild winter to not allow them to loose heath) Permanent

stratification leads to hypoxia and anoxia (Lugano, Iseo, Idro).

Climatic effects on vertical mixing and deep-water oxygen content in the subalpine lakes
in Italy. Rogora et al. Hydrobiologia, 2017



Idro Lake, a meromictic lake

80 m thick water 
layer without

oxygen, but with a 
lot of undersired

solutes



A decreasing
phytoplankton
productivicty but
an increasing
proportion of 
cyanobacteria



Chlorophyll a trends (2003-2019)



www.laghi.net



• Garda 
Lake

• Maggiore 
Lake

Lake levels: easy to observe proxies of climate change

Red line: historical maximum
Green line: historical average
Yellow line: historial minimum
Blue line: 2022



Concluding remarks
Climate change affets temperature, watershed features,
precipitation patterns, ice cover, food webs, whole system lake
metabolism.

Overall it will produce similar effects of eutrophication or it will
make the effects of eutrophication more extreme

In small lakes, to contrast these effects it’s mandatory to reduce
nutrient input at the watershed scale and to preserve the littoral
zone.
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