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1. Introduction

Lakes around the world are being affected by climate change, and that includes changes in their
physics, chemistry and biology, as well as interactions between their internal compartments and with
their surrounding watersheds [1-3]. The ecological responses of lakes to climate change will become
more pronounced in the future, with continued global warming, increased evapotranspiration, altered
patterns of rain and drought, and disrupted or amplified climate teleconnections [4,5]. The continued
ability of lakes to provide habitat to thousands of aquatic species and ecosystem services to society is
threatened as lakes diminish in size, become more saline, and / or have highly altered thermal properties.
At least one of the factors that is occurring with climate change—warming of lake water—is known
to have synergistic effects with nutrient enrichment, by stimulating blooms of toxic cyanobacteria in
eutrophic lakes [6,7] and by altering food-web structure [5]. Likewise, complex interactions occur when
other physical or chemical properties are altered. Changes in salinity affect composition and diversity
of the various biota and alter trophic structure and dynamics [8]. Changes in thermal stratification or
duration of ice cover affect fishes and, in turn, alter the top-down control of plankton. This can have
cascading effects on the food web [1]. Other synergistic and/or complex effects likely exist and are yet
to be documented as we continue to learn more about the responses of different kinds of lakes to a
warming earth.

Impacts of climate change on lakes are important because lakes play a critical role in the landscape,
providing nesting habitat for birds and foraging habitat and a source of water for many terrestrial
animals, and they play a substantive role as sources and sinks of carbon (C) and nitrogen (N) gases,
as well as oxygen (O). For the human population, lakes are a major source of drinking water, irrigation
water, recreation and fisheries resources, and they can have major cultural and economic significance.
Knowing all of this, it is remarkable that in many nations, funds are being directed away from the
careful assessment of changes in lakes in response to climate change. This is happening at a time when
quantification of the rates of change is most needed to help understand processes and possible tipping
points and to identify measures to increase resilience.

The aim of this special issue is to call attention to contemporary research that has been done to
document how lakes around the world are changing in response to climate change and to provide
insight into the growing body of knowledge about expected future changes. The summary below
provides the highlights of 11 original research papers contained in the issue, in the context of prior
work, and it identifies implications for lake management, for the services that lakes provide to society,
and points to research gaps where further work is needed.
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2. Contributions

2.1. Lake Warming

Lakes around the world are warming at a rapid rate, as documented recently in a survey of 235
lakes [9,10] showing an increase in the mean surface temperature by 0.34 °C per decade between 1985
and 2009. Less is known about the warming that has occurred in water deeper under the lake surface,
where a larger percentage of organisms occur. In this special issue, Richardson et al. [11] quantified
changes in water column temperatures and thermal stratification in 231 lakes in North America over
the period 1975 to 2012. The dataset included lakes varying in their mixing regime, size, trophic state,
and geomorphology.

On average, the lakes displayed an increase in water temperature near the surface, as also
observed by O'Reilly et al. [9] in a global lakes assessment, and most lakes displayed an increase
in the strength of thermal stratification. On average, surface waters warmed 1.7 times faster than
corresponding air temperatures at the lakes. Lakes with high water transparency (Secchi disk depth
> 5m) had greater warming of surface waters and greater increases in stratification than lakes with
lower transparency. Polymictic lakes displayed the greatest increase in warming throughout their
water columns. The mean change in deep water temperature, the major new focus of this study, was
not significantly different from zero. Approximately half of the lakes warmed and half cooled during
the period of record. Likewise, a study of 20 Danish lakes revealed a warming in the surface water
of ca. 2 °C per year and a simultaneous cooling of deep water by ca. 1 °C over the period 1989 to
2006 [12].

Certain characteristics were linked to how lakes in North America changed over time. Distance of
the lakes to the coastline was the most important explanatory variable; that is, coastal lakes cooled
and inland lakes warmed in their deeper waters. Elevation, shading by vegetation, duration of ice
cover, input of ground water, and other factors may have contributed to the trend in deep water
temperature changes observed. Two particularly important findings of this study were: (1) that lakes
are an important sentinel of global warming due to their more rapid temperature increase than the
overlying atmosphere; and (2) that there is considerable variability in lake response to climate change,
implying that intensive studies of just prominent lakes will not suffice to understand how lakes in
general will change in future decades.

In addition to long-term synoptic assessment, an approach that is likely to become important
to projecting the future of lake thermal properties in a warming world, is coupled modeling. In this
special issue, Kwak et al. [13] used a model that can simulate hydrological and thermal responses
of water bodies to warming, and coupled it with output from the Coupled Model Inter-Comparison
Project Phase 5 (CMIP5) Global Circulation Models (GCMs). They evaluated the projected effects of
three future climate scenarios on the Fourchue River, Quebec, Canada.

The hydrologic model predicted that under these three scenarios, of global warming by 1.0, 1.8,
and 3.7 °C by 2100, the river will experience an increase in water temperature between 0.2 and 0.7 °C
in June and between 0.2 and 1.1 °C in September. It is noteworthy that the Fourchue River is a coastal
ecosystem and, as such, warming by a lesser amount than occurs in the atmosphere is consistent
with the findings of the first paper in this issue by Richardson et al. [11]. The model predictions
have ecological and management implications for the river system. This river is a critical habitat for
brook trout (Salvelinus fontinalis) and the predicted increases in temperature could be favorable to
growth. However, the model results also indicated that there will be several days in the summer when
temperatures exceed the upper incipient lethal temperature for this species and that might require
releases of cold water from the reservoir into the river to prevent fish mortality.

To evaluate how altered thermal properties of lakes might affect the structure and function of their
food webs, studies have compared lakes at different latitudes, studied lakes for a long period of time
as they have warmed, and in this special issue Arvola et al. [14] present the results from an experiment
where the mixing regime was artificially altered over a 4-year period. Two small lakes (4.7 and 4.1 ha)
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in Finland were selected for the study. They were both soft-water lakes of approximately 6 m depth,
with high dissolved organic carbon (DOC) and phytoplankton Chlorophyll-a (Chl-a) of approximately
15 ug L~1. In the experiment, one lake was a control, while the other was mixed by placing an
electrically-driven propeller at 1.5 m depth under a raft anchored at the deepest location, pumping
water from the metalimnion into the epilimnion. This artificial mixing occurred from May to September
2005 and again from June to September 2006. The plankton, macro-invertebrates, and fish of both
lakes were sampled weekly from 2004 to 2006 and biweekly in 2007, a year after the mixing ended.
Neither total phytoplankton biomass nor Chl-a concentrations changed as a result of the artificial
mixing. However, the manipulated lake developed an increase in the relative biomass of diatoms
and cryptophytes. Crustacean zooplankton biomass did not change in the mixed lake compared with
the control; however, biodiversity increased following mixing, but only in the metalimnion. Rotifer
density declined in the mixed lake relative to the control, but only in the hypolimnion where protozoan
density increased. Certain taxa of littoral macroinvertebrates increased after the mixing, while others
declined in density. One food web response, an increase in the growth of perch (Perca fluviatilis) in
the mixed lake, was attributed to improved food availability. Another response, the appearance of
ruffe (Gymmnocephalus cernuus) in 2006, was attributed to enhanced oxygenation of the benthic habitat
used by this animal. The authors concluded that the response of perch is ‘one of the best indications
that water column manipulation influenced the entire food web and the responses were cascading
to the upper trophic levels’. Another food web effect that was discovered in this experiment was
a decline in the mercury (Hg) concentration in perch. This was explained as being caused by a
mixing-induced reduction of mercury methylation by sulfate-reducing bacteria and an increased
contribution of methane-derived carbon in the food web from enhanced activity of methane-oxidizing
bacteria. In summary, the experiment demonstrated that climate-change induced alterations in the
mixing regime of small humic lakes can have effects on the structure and function of the entire food
web, including processes that influence concentrations of toxic metals at higher trophic levels.

Warming has the potential to greatly alter the rates of C emissions from natural landscapes.
Wetlands, including those that surround lakes, can be major sources of sinks for C, depending on
the conditions [15]. Camacho et al. [16] note that emission of methane (CHj), one of the most potent
greenhouse gases, is enhanced by warming and, as such, climate change could spark a feedback loop
where warming enhances CHy emission and emission contributes to more warming. Those authors
quantified CH, emissions from five saline lakes in central Spain. The lakes varied in their hydroperiod,
salinity, and trophic state. They conducted controlled experiments with intact sediment cores from the
lakes, varying the temperature and salinity, and then used a model to extrapolate the results under
different climate scenarios for 2050 and 2070. In general, and as expected, the rates of CHy4 emission
from sediment cores were lower in times when sediments were dry and when temperatures were lower.
In the experiments, CH, emission increased in a non-linear manner with warming, especially between
25 and 30 °C, and it decreased in a non-linear manner with increasing salinity, dropping quickly from
the maximal value at a conductivity of below 5 mS cm ™! to 20 mS cm ! and then leveling off between
60 and 150 mS cm 1. In general, the lakes were predicted to have large increases in CH, emission in
2050 and 2070; however, the outcome depends on sediment flooding vs. drying, with a projection of
the highest rates of CH4 emission coming from lakes where the sediments remain flooded throughout
a dry season. To understand the effects that climate change might have on lakes, we therefore also
must consider future changes in hydrology.

2.2. Changes in Hydrology and Land Use

In addition to warming the atmosphere and hydrosphere, global warming is expected to alter
climate cycles, including those that connect oceanic thermal cycles such as the El Nifio Southern
Oscillation (ENSO) to multi-year cycles in weather at distant locations around the world [17].
These teleconnections have major influences on the physics, chemistry and biology of world-wide
lakes [18-20], and there is increasing evidence that the amplitude of ENSO and other cycles will
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increase with atmospheric warming [21]. The result of this could be intensified droughts and
concentration of rain into intense shorter-lasting periods of time. Changes like this could have
profound effects on the transfer of nutrients and organic material from the landscape into lakes and
would accentuate cycles of flood and drought that occur in many areas of the world. Intense droughts
might lead to salinization of lakes, concentration of nutrients, and synergistic effects with atmospheric
warming on water temperature increase.

Global warming is also expected to result in intensification of tropical cyclones [4], which can
have major impacts on shallow lowland lakes in the subtropics [22]. An approach to gain insights into
how such changes might affect lakes is to study the responses to contemporary events that are outside
the range of typical conditions. For example, Zhu et al. [23] examined the response of Lake Taihu in
China to repeated hurricane strikes and discussed how storms of greater intensity or frequency of
occurrence could lead to a loss of ecosystem resilience from these catastrophic events, and Ji et al. [24]
documented long-lasting changes in species composition of plankton in Lake Okeechobee (USA) after
an unusual case of three major hurricanes impacting the lake in two successive years.

In this special issue, Ji et al. [25] examine how a regular cycle of high and low water levels,
linked to the condition of the ENSO, affects water quality and zooplankton in shallow lakes of
central Florida, USA. Water depth, chemistry, phytoplankton, and zooplankton were examined
from a 15-year dataset with monthly samples from 6 shallow (mean depth 1.4 to 3.4 m) eutrophic
(Chl-a 35 to 65 pg L~! annual mean) polymictic lakes. All of the lakes contained high densities of the
benthivorous gizzard shad (Dorosoma cededianum), a filter-feeding fish that consumes plankton and
also feeds on macro-invertebrates in the sediments, and that can translocate a considerable amount
of soluble P into the water column [26]. In the study period, there was cyclic variation in rainfall
linked to the ENSO, with three droughts and four wet periods. Rainfall was significantly correlated
with lake depth, with the lakes losing as much as 80% of their volume in periods of lowest compared
with highest depth. The result was a concentration of fish and zooplankton in a small volume
of water during droughts and also a large increase in the biomass of filamentous cyanobacteria,
presumably because of greater nutrient availability. During droughts, cladocerans consistently
declined, while copepods were not affected, and the authors concluded that variation in water depth,
driven by the climate cycle, affected both the top-down and the bottom-up factors that control the
zooplankton. Cladocerans were more greatly affected than copepods because: (1) cladocerans are more
susceptible to fish predation [27]; and (2) cladocerans are less able to tolerate high densities of inedible
cyanobacteria—results documented in earlier studies [28,29]. If, as predicted [21], the amplitude of
the ENSO increases over the next 50 years with further global warming, effects of the associated
teleconnection on lakes may also increase, and in the case of shallow eutrophic lakes this could result in
synergistic adverse effects with nutrient pollution—greater internal loading, more toxic cyanobacteria,
and an altered assemblage of zooplankton.

As noted earlier, lakes themselves can be a substantive contributor to atmospheric C, particularly
if they have large associated wetlands. In addition to warming, hydrologic changes associated with
climate change might affect those C fluxes. Yang et al. [30] quantified emissions of CO, from the
littoral zone of a reservoir in Beijing, China, taking measurements with a dark chamber and gas
chromatography techniques along a transect from a permanently flooded location to a seasonally
flooded location and then to dry land. They also compared emissions from places with different
vegetation types within each hydrographic band. Sampling was done at six different times of the
year to account for seasonal variability. The authors found in general that the littoral wetland was a
much greater source of CO; (averaging 346 mg m~2 h™!) than the pelagic, based on an average of data
from ten nearby Chinese lakes (pelagic mean, 72 mg m~2 h™!). A majority of published studies of
the CO; flux from lakes have focused on the pelagic zone, and the results indicate a need for more
measurements of the littoral C flux, especially in lakes with a large littoral to pelagic surface ratio.
With regard to experimental results, there was considerable variation related to location, time of year,
time of day, and biomass of plants in the plots along the hydrologic gradient. The effect of flooding on
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CO; emission was complex; however, it was noted that in the periodically flooded band, if flooding
resulted in plant growth, this shifted the C balance and the uptake by plants exceeded the loss of C
to the atmosphere, even when taking into account loss from CHy. The regime of flooding vs. water
recession in vegetated shorelines, and the time of year when it happens relative to the growing season,
could have a large influence on the degree to which lakes are sources vs. sinks of C.

As climate continues to change, and sea levels rise, there will likely be mass migration of human
populations away from impacted coastal areas as well as movement in the location where certain kinds
of natural and farmed vegetation exist. An interaction could therefore occur between changes in land
use, warming and the changes in climate cycles just mentioned. For example, if land use changes
to one that exports a higher amount of nutrients into a lake, the synergistic effects of warming and
increased nutrient concentrations could lead to greater prevalence and toxicity of cyanobacteria blooms
in eutrophic lakes as described above. Likewise, if a change in land use transforms a wetland /forest
area into urban, agricultural, or residential use, it will be accompanied by a faster movement of water,
C, and other materials from the watershed to a lake—compared with slow movement through natural
systems. If climate change leads to prolonged droughts interspersed with intense rain events, such a
modified watershed would have very different effects on a lake compared to a non-disturbed one.
However, these are major lasting changes, and there may be some alternations in land use that are of
shorter duration and that do not have these synergistic effects with climate change. In this special issue,
Levesque et al. [31] consider one such example—clear-cut logging in boreal Canada. They examine
the long-term (1991-2003) temporal variation in zooplankton in six lakes to determine how they
are affected by variation in precipitation, limnological conditions, and by factors linked to logging.
Prior studies have documented that clear-cut logging can have significant effects on boreal lakes by
altering nutrient and DOC inputs, transparency, primary productivity, and food web structure [32-34].
However, most of the watershed disturbances in those studies were short-term, lasting not more than
three years, and the effects on zooplankton were relatively small.

The aim of the study performed by Levesque et al. [31] was to test whether natural variation
in climate and limnological conditions are more important than the short-term impacts of logging.
To do this, the authors performed whole-lake experiments. They collected zooplankton from the
water column of three experimental lakes during a 5-year period before clear-cut logging and during
an 8-year period after logging. Sampling was twice per month in the ice-free season. Three other
lakes in non-disturbed watersheds were sampled in exactly the same manner and were controls.
There was considerable variation in temperature and precipitation (rain and snow) amongst the years
of study, and this influenced the zooplankton in both experimental and control lakes. In all of the
lakes, there was also temporal variation in the concentrations of major ions, pH, dissolved organic
carbon, total phosphorus, total nitrogen, and Chl-a. Zooplankton experienced a substantive decline
in total abundance over the study period in both the experimental and the control lakes. There were
some subtle interactions between climate variations and logging; however, for the most part, the study
revealed that variability in climate and limnological conditions (depth, residence time) had a stronger
influence on the zooplankton than did logging. The authors note projections of warming in the boreal
shield by 8 °C in winter and conclude that this will result in reduced abundance of zooplankton,
in particular calanoid copepods.

While we intuitively expect that, for many other kinds of land use change, particular modifications
that are long-lasting will influence how climate affects lakes, there are no experimental studies like
that done by Levesque et al. [31] to confirm this, because it is not feasible. The gap could be filled
with long-term assessment of lakes with similar limnological characteristics and climate variation but
different land uses, or by scenario modeling. This is a critical research need.

2.3. Related Topics

It is critical that researchers and lake managers be able to track changes in lakes that are occurring
over time and that might be related to climate variability and change. Yet, with diminishing funding
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for long-term assessment, this is becoming increasingly difficult and the importance of low-cost
yet effective sampling approaches is high. Submerged aquatic plants (SAV) are often a sentinel for
the broader ecological status of lake ecosystems, especially shallow lakes [35] and they are highly
responsive to some of the changes in lakes expected to occur with climate change such as altered
drought severity [4]. Traditional field sampling of SAV is labor-intensive and costly. In this special
issue, Fritz et al. [36] explore the efficacy of a remote sensing method—studying changes in the
SAV community in Lake Starnberg, Germany, in the growing seasons of 2011 to 2015 based on
ground-truthed reflectance spectra. They develop ‘phenologic fingerprints’ for each SAV species and
characterize changes in the plant assemblage with some degree of error that needs to be addressed with
further research. Their study also documented that changes in water temperature had a lesser effect
on an invasive species than two native species. This is yet another issue of climate change—effects on
the relative abundance and biomass of species within particular assemblages in the lake.

One of the prominent effects of global warming is the world-wide melting and retreat of
glaciers [4]. The ecological and societal implications of this phenomenon are tremendous, because while
meltwater may for a period of time be high, once those glaciers are gone, it will disrupt the supply
of freshwater into some of the world’s major rivers that provide water supply, industrial water,
irrigation water, fisheries, and a route for commerce in places with tens of millions of people. At the
present time, melting of glaciers is known to be responsible for transporting organic C to downstream
ecosystems [37], and that C subsequently fuels food webs that are based on bacteria-plankton. One of
the regions experiencing rapid glacial change due to warming is the Tibetan Plateau. In this special
issue, Hu et al. [38] examine the extent to which organic C from glacial runoff subsidizes the plankton
food web in Lake Nam Co, a typical high altitude lake in the Plateau. They did this by focusing on the
zooplankton and using stable C isotope analysis and radio-carbon to determine the basal source of C
in their diets. They concluded that 74% of the C in zooplankton diets is from phytoplankton, 18% is
from a microbial food web fueled by decomposing SAV, and just a small fraction (8%) can be attributed
to allochthonous glacial meltwater C. However, they also note that with enhanced inputs of water and
organic C from glacial runoff, there is a potential to stimulate plankton production in the lakes of the
Tibetan Plateau.

As previously mentioned, if climate change displaces populations and this results in changes in
land-use around lakes, there could be an indirect effect on those aquatic ecosystems, if the changes
result in increased inputs of nutrients, C, or sediments, or a change in the rate at which rainfall over
the watershed makes its way into the lake. Therefore, it is important to understand how the attributes
of lake ecosystems are affected by land use patterns. Xu et al. [39] studied 14 lakes located in the
Yangtze River Basin and quantified recent rates of sediment deposition, and then evaluated their
results in the context of a variety of features of the lakes and their watersheds. Their finding is that
conversion of land to agriculture for growing crops or to urban uses can lead to substantial increases in
the sedimentation rate. High rates of sediment accumulation can lead to reduced depth and ecosystem
services of water bodies, impacts on benthic biota, and degraded water quality. The study reinforces
why it is critical to consider climate change and land use change in tandem when considering future
changes in lakes.

One general question that has been raised amongst limnologists is whether or not climate change
will have different effects on lakes at different latitudes. When considering the zooplankton, a major
focus is on predation, because it often is the major factor determining body size, total biomass,
and taxonomic composition [40], especially in shallow lakes [27]. Changes in the zooplankton
can, in turn, affect the phytoplankton, clarity, and thus indirectly even the submerged vegetation.
Iglesias et al. [41] carried out controlled experiments using 1000 L in situ enclosures in shallow lakes
in Uruguay and Denmark, in order to compare the effects of presence vs. absence of small omnivorous
and planktivorous fish and/or invertebrate predators on the zooplankton and phytoplankton.
The enclosures contained common artificial plant beds, so that it was possible also to examine effects
on periphyton accumulation. Each treatment (fish, invertebrates, fish+invertebrates, control) was
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replicated in four enclosures at both study sites. They found that in both climatic zones the addition of
fish resulted in a decline in zooplankton and an increase in the biomass of phytoplankton. In both zones,
macro-invertebrates did not have significant effects. Neither fish nor macro-invertebrates affected the
biomass of periphyton. The results of this study support the view that in shallow lakes, omnivorous and
planktivorous fish may play a critical role in pushing the lakes into a turbid, phytoplankton-dominated
state by facilitating development of phytoplankton when their zooplankton predators are severely
depleted. While this study did not show clear differences in responses between the climate zones,
another study in which fish and invertebrates could move freely between the open water and the
plant beds indicated strong fish-induced differences, resulting in high predation on zooplankton and
macro-invertebrates [42]. The two studies, conducted in the same two countries, collectively identify
the overarching role that change in habitat selection may have in shallow lakes when the climate
gets warmer.

3. Conclusions

Climate change is documented to have major implications for the structure, function, and
ecosystem services provided by lakes. With increasing global warming, climate changes will affect
lakes by warming, by altering the thermal stratification, and by altering the hydrology, and there are
likely to be interactive effects of climate change and substantive changes in land use if people migrate
away from flooded coastal cities into the proximity of lakes. Lakes might display direct effects, such as
increased algal blooms where warming has synergistic effects with high nutrient inputs, and indirect
effects, where changes in fish assemblages have cascading effects that influence plankton, water clarity,
and submerged vegetation. With warming, especially in the littoral zones of lakes, there may be
large-scale changes in the net flux of CO, and CHy to and from the atmosphere, contributing to a
feedback loop where warming causes greater C flux from the natural systems to the atmosphere, which
leads to further warming. Despite a breadth of research, some key uncertainties remain about how
climate change will affect lakes, and it will require continued research and long-term assessment to
fully understand and predict future changes and effects on society.
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