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Abstract: It is broadly accepted that continued global warming will pose a major threat to biodiversity
in the 21st century. But how reliable are current projections regarding consequences of future climate
change for biodiversity? To address this issue, we review the methodological approaches in published
studies of how life in marine and freshwater environments responds to temperature shifts. We analyze
and compare observational field surveys and experiments performed either in the laboratory or
under natural conditions in the wild, the type of response variables considered, the number of
species investigated, study duration, and the nature and magnitude of experimental temperature
manipulations. The observed patterns indicate that, due to limitations of study design, ecological and
evolutionary responses of individuals, populations, species, and ecosystems to temperature change
were in many cases difficult to establish, and causal mechanism(s) often remained ambiguous. We also
discovered that the thermal challenge in experimental studies was 10,000 times more severe than
reconstructed estimates of past and projections of future warming of the oceans, and that temperature
manipulations also tended to increase in magnitude in more recent studies. These findings raise
some concerns regarding the extent to which existing research can increase our understanding of how
higher temperatures associated with climate change will affect life in aquatic environments. In view
of our review findings, we discuss the trade-off between realism and methodological tractability.
We also propose a series of suggestions and directions towards developing a scientific agenda for
improving the validity and inference space of future research efforts.

Keywords: climate change; global warming; biological diversity; temperature manipulation
experiments; thermal challenge

1. Introduction

Climate change is occurring, the atmosphere and oceans have warmed, the amounts of snow
and ice have diminished, and the sea level has risen [1,2]. Models prognosticate that greenhouse gas
concentrations will continue to rise, and that average air, surface and water temperature will increase as
a result [1]. Accordingly, there is much concern about, and a growing demand for accurate projections
of how climate change will impact biological diversity, global ecosystems, and the humans who
depend on them [3–8]. Temperature is a key driver of organism function and ecosystem processes, and
projected global warming will therefore affect biodiversity. There is an increasing need for research that
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provides answers to how species and communities respond to temperature shifts. Previous reviews
and investigations into effects of temperature change on biodiversity have focussed on various types
of responses, such as distribution range shifts [9–12], seasonal timing of reproductive activities [13,14],
genetic adaptation [15], species survival [16,17], and biotic interactions [10,14,18]. Our present goal
is not to summarize existing evidence for biodiversity responses to climate change by synthesizing
results and estimating average effect sizes based on the findings in past research. Here, we instead
explore whether research published within the context of climate change has been conducted in
ways such that the results can inform about the consequences for biodiversity of water temperature
increments associated with global warming. To this end, we perform a literature search and review
empirical studies, analyze and describe general patterns in published biodiversity research with regard
to methodological approaches—with particular focus on experimental studies—and then discuss the
patterns in relation to reconstructions of past and prognostications of future rates and magnitudes
of climate change. Next, we discuss the trade-off and balance between realism and methodological
tractability, and provide an assessment of where there is a need for increased focus and shifts in
research approaches. Finally, we offer suggestions and directions towards developing a scientific
agenda for improving the validity and inference space of future research efforts concerning how
climate change may affect biodiversity in aquatic environments.
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Figure 1. Trends in research output on global warming and past change in global mean surface 

temperature. (a) Absolute research output measured as number of publications on global warming 

published per year up to December 2015. Figure is based on data extracted from a topic search for 

“climate change” or “global warming” conducted 27 October 2016, from ISI Web of Science. The 

literature search yielded 141,501 papers, pooled across scientific disciplines, published between 1974 

and December 2015 (indicated in red). Of these, 5740 studies concerned global warming and climate 

change within marine and freshwater environments (indicated in blue); (b) Relative research output 

on global warming expressed as percentage of total research output summed across all scientific 

disciplines; (c) Global warming as indicated by the rapid increase in Earth’s average surface 

temperature over the past century (obtained from NASA’s Earth Observatory [19]).  
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Figure 1. Trends in research output on global warming and past change in global mean surface
temperature. (a) Absolute research output measured as number of publications on global warming
published per year up to December 2015. Figure is based on data extracted from a topic search
for “climate change” or “global warming” conducted 27 October 2016, from ISI Web of Science.
The literature search yielded 141,501 papers, pooled across scientific disciplines, published between
1974 and December 2015 (indicated in red). Of these, 5740 studies concerned global warming and
climate change within marine and freshwater environments (indicated in blue); (b) Relative research
output on global warming expressed as percentage of total research output summed across all scientific
disciplines; (c) Global warming as indicated by the rapid increase in Earth’s average surface temperature
over the past century (obtained from NASA’s Earth Observatory [19]).
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The number of published articles on climate change and global warming is huge. Scientific output
has increased exponentially with time, from less than 10 papers per year prior to 1980 to nearly
20,000 papers per year in 2015 (Figure 1a). The rapidly increasing output on global warming is evident
also when expressed as a percentage of total research output summed across all scientific disciplines
(Figure 1b). We focus our review on methodological approaches in studies of marine or freshwater
environments. Due to the buffering effect of water, the temperature changes of water bodies occur at
lower rates and magnitudes compared with terrestrial environments [1], although this buffering effect
should be reduced in smaller and shallower water bodies. Due to limited potential for temperature
regulation, organisms in aquatic environments have body temperatures that generally conform more
closely to surrounding temperatures than do those of organisms in terrestrial systems. Additionally,
the majority of animal life forms in aquatic environments are poikilotherms. Temperature shifts may
therefore have more profound effects on community processes, and causal links between environmental
temperature and organismal performance may be more readily studied and demonstrated in aquatic
than in terrestrial systems.

2. Materials and Methods

2.1. Protocol for Literature Search and Extraction of Data

Our review is based on studies identified in a Web of Science (Science Citation Index expanded
1943–present) topic (Title, Abstract, or Keywords) search for “climate change” or “global warming”
within the subject area “Marine and freshwater biology”. The search was conducted on 2 February
2012, and yielded 2737 studies published up to December 2011. To find studies concerning any aspect(s)
of biodiversity, studies were initially selected by Title, but if there was any doubt, the Abstract was
acquired and judged. This yielded 746 studies. Of these, 463 had “climate change” or “global warming”
in the Title. Studies were classified with regard to the following categories: Observational field survey;
Experiment in the field; Experiment in the laboratory; Experiments in both field and laboratory; Model
or simulation; or Review, and publication year.

Observational and experimental studies were classified with regard to the response considered:
Community composition; Range shifts; Reproductive life-history; Survival (of individuals); Physiology;
Growth, development or morphology; Behaviour; Extinction (local); Adaptation; or Several (if more
than one of the previous types), the number and identity of species investigated, and study duration.
Observational studies typically were based on field surveys, spatial comparisons along latitudinal
gradients or depth transects, time series data, comparisons with historical data, correlations with
temperature shifts associated with North Pacific or North Atlantic Oscillation Index, or on “natural
experiments” based on changes co-occurring with unusual events such as El Niño or years with
extreme weather conditions.

Experimental studies were also classified with regard to environmental setting (Laboratory or
semi-natural conditions (e.g., mesocosms); or Field conditions), and type (constant, gradually changing,
or fluctuating) and magnitude of temperature manipulation. Magnitude was estimated as the difference
between two treatments, the difference between an experimental treatment and a control, or the change
in temperature over time. If three or more treatment levels were used, the mean difference between
treatments was used (e.g., for treatments 10, 15 and 20 ◦C, we entered the value 5 ◦C).

2.2. Estimating Thermal Challenge

For experimental studies, we estimated harshness of the thermal challenge by dividing the
magnitude of the temperature manipulation with study duration, expressed as ◦C× year−1. The result
was compared with the rate of past climate change as estimated from the globally averaged combined
land and ocean surface temperature data as calculated by a linear trend, showing a warming of 0.85 ◦C,
over the period 1880 to 2012 [1] (Figure 1c), and with the upper and lower bound of projections of
future global ocean warming as calculated based on best estimates of ocean warming in the top one



J. Mar. Sci. Eng. 2016, 4, 75 4 of 15

hundred meters of about 0.6 ◦C to 2.0 ◦C by the end of the 21st century [1]. Estimated future ocean
warming is lower, about 0.3 ◦C to 0.6 ◦C, at a depth of about 1000 m [1].

Information on the duration of experiment and the magnitude of temperature manipulation
was not available in all studies, and some studies provided information on one but not both of these
variables (see n-values in legends to Figures 3–5). Sample sizes therefore vary among the different
comparisons reported below. However, it is unlikely that this should result in a systematic bias or
influence the overall results or conclusions.

3. Review Findings and Discussion

3.1. Frequency of Observational and Experimental Studies in the Literature Search

Most studies identified by our literature search report on observational and correlative approaches
based on different types of field surveys (spatial and temporal comparisons) that do not allow
for identification of several causal co-varying biotic and abiotic factors, with possible interactive
effects (Figure 2a). Establishing causal links between temperature change and biodiversity shifts is
challenging, if not impossible, because of the complexity of natural systems, where populations
are distributed patchily over heterogeneous environments, subject to a range of environmental
conditions and interacting with other species. Two of the main virtues of experimental approaches in
ecological research are to reduce the contribution to variation in the response variable of uncontrolled
environmental factors (i.e., noise) that may obscure true effects, and identify the underlying driving
mechanism(s) [20–22]. Firm demonstrations that temperature shifts influence performance of
individuals, affect the ecological success of populations and species, and that they impact on
the functioning of communities and ecosystems would therefore ultimately require experimental
manipulations and replication [7,22]. About 40% of the reviewed studies fell within this category
and report on comparisons between experimentally manipulated temperature treatments, with the
remaining 60% of studies relying instead on observational approaches (Figure 2a).
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Figure 2. Methodological approaches and types of response variables used in observational and
experimental studies of climate change effects on biodiversity in marine and freshwater environments.
(a) Frequency distribution of methodological approaches; (b) Frequency distribution of types of
response variables are shown for observational and experimental studies only. Multiple indicates that
more than one type of response variable was used within a single study. Survival indicates studies
that investigated effects on survival of individuals, not species or populations. Community patterns
include response variables in the form of e.g., species composition. Figures are based on data for 746
(a, left panel) and 662 (b, right panel) studies.
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3.2. Characteristics of Experimental Studies

Of the experimental studies, most (83%) were conducted under controlled laboratory conditions,
and only a minority (3%) used a combination of field and laboratory experiments (Figure 2a).
To forecast the consequences of climate change, interfacing processes at different scales in space, time,
and ecological organization must be taken into consideration [7,23]. It is reasonable to hypothesize
that a larger fraction of the multifarious pathways and mechanisms by which temperature, and other
factors, may affect fitness of individuals, populations and species [14,24–26] are operative under
complex natural conditions that encompass a broader array of ecological interactions than in simpler,
standardized settings. The effects seen in manipulation studies conducted under semi-natural or
laboratory conditions may therefore differ and sometimes be weaker, compared with experiments
conducted in the wild [27,28]. Despite this, most ecological studies generally use single-species
approaches [29]. A similar pattern is evident among the studies of biodiversity effects of temperature
change; the majority (60%) of investigations studied single species; 18% studied two different species;
and in 22% of the investigations, three or more focal species were studied. Investigating how
different species are affected by temperature change can provide valuable knowledge. However,
the performance of species depends on interactions with other individuals belonging to the same
species, as well as on interactions with different species that may represent food, competitors,
predators, herbivores, pathogens or parasites. Linkage density of interactions and connectance among
species within natural food webs may be immensely more complex than anticipated based on direct
observations of pairwise encounters [30,31]. Effects of climate change that may be mediated by species
interactions, changes in community composition, cascading effects and ecosystem processes [14,26,29]
have therefore likely gone undetected in the majority of the experiments.

3.3. Response Variables Investigated

The consequences of climate change and associated temperature shifts for species and populations
are simple in principle: they can respond by range shifts; adaptation via evolutionary (genetically
based) change or phenotypic plasticity; or become extinct. These responses may in turn impact
higher level processes, community composition, and ecosystem functioning. A minority (30%) of the
studies reviewed here specifically addressed one of the three ultimate species-level consequences of
climate change, viz. range shifts, whereas no study addressed extinction or adaptation (Figure 2b).
Approximately one fifth (22%) of studies investigated reproductive life-history traits or individual
survival which can ultimately influence extinction risk, and one tenth (8%) concerned range shifts
(Figure 2b). None of the studies reviewed here provided evidence for genetic adaptation to climate
change—as discussed in greater detail elsewhere [15].

3.4. Duration of Studies

The experimental studies were of short duration and typically lasted for two weeks (median
14 days, range 1 h–5 years.) (Figure 3a). It has long been recognized that the impacts of changing
environments depend on the spatiotemporal scale of environmental heterogeneity relative to the
generation time and dispersal capacity of the organism [32]. The most common focal species were
bony fish, followed by corals, and phytoplankton. In many cases, study duration is therefore
insufficient to pick up important responses such as population extirpation, species extinctions [9,11]
and evolutionary change (adaptation) that typically require tens of generations or more to manifest [15].
By comparison, observational field studies based on data collected at different locations or from the
same location(s) on different occasions were of much longer duration, typically spanning over 13 years
(range 9 days–230 years.) (Figure 3b). Yet, the approach and spatiotemporal scale of most field surveys
is such that behavioural responses to climate change in the form of shifts in the timing of seasonal
activities [13,14], individual movements and species range shifts [9,11,12] likely have gone undetected
in many studies. Interpretation and comparisons of results regarding range shifts across studies is
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complicated further by the finding in a recent meta-analysis of studies of terrestrial organisms that rates
of range shifts depend on both time period and study duration [33]. Given that estimated rates of range
shifts increase with decreasing study duration [33], there is a risk that shorter studies overestimate
climate change impacts.
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Figure 3. Frequency distribution of temporal duration of (a) experimental and (b) observational studies
of climate change impacts on biodiversity in marine and freshwater environments. For observational
studies based on comparisons of current with historical data, time elapsed between sampling occasions
was used as a measure of study duration. Duration of study is plotted on a logarithmic scale. Figure is
based on data for 207 experimental and 220 observational studies.

3.5. Nature and Magnitude of Experimental Temperature Manipulations

The degree to which manipulation studies can inform about responses to future climate
change depends in part on whether the experimental conditions and the magnitude of temperature
manipulations resemble the thermal challenge associated with warming in the natural environment.
According to the Fifth Intergovernmental Panel on Climate Change (IPCC) report, the globally averaged
combined land and ocean surface temperature data as calculated by a linear trend, show a warming
of 0.85 ◦C over the period 1880 to 2012 [1]. On a global scale, ocean warming is highest near the
surface, and the upper 75 m warmed by 0.11 ◦C per decade over the period 1971 to 2010 [1]. About 75%
of the biodiversity studies reviewed here used an approach based on comparisons between two or
more different but constant temperature treatments. In nearly all (98%) experiments, the difference
between temperature treatments (median = 4 ◦C, range = 1 to 22 ◦C) was larger than 1 ◦C, and thus
exceeded the increase in the global mean surface temperature documented during the past 100 years.
(Figure 4). The thermal challenge to which study organisms were exposed in the experimental
studies also exceeded by far the boundaries of climate change projections for the future (see below
and Figure 5). Using exaggerated experimental treatment levels and simplified settings during
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the developing stages of new research areas is one way to generate preliminary results that can
help design better informed investigations. However, there is no indication that the more recently
published experiments use temperature manipulations of lower magnitude; instead there is a weak
but statistically significant trend that the magnitude of temperature manipulations has increased over
time (rs = 0.16, P = 0.019, n = 216; least-squares linear regression of log (temperature difference) on
year of publication, F 1,214 = 4.26, P = 0.040, R2 = 0.020, slope coefficient ± s.e. = 0.021 ± 0.0104).
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Figure 4. Magnitude of temperature manipulations in experimental studies of climate change impacts
on biodiversity in freshwater and marine environments. Relative frequency distribution of the
magnitude of temperature manipulations (based on data for 216 experimental studies). The magnitude
of the temperature manipulation was calculated as the average temperature difference between
treatments (for studies with fixed treatments) or as the change in temperature over time (for studies
that used gradually increasing temperature treatments).

About 17% of the experimental studies used an approach in which temperature fluctuated around
a stable mean. This was achieved, for instance, by supplying aquaria with naturally fluctuating
water that originated from the sea (10%), or by artificially generating variable temperatures (7%).
Oscillating environments may impose a greater challenge, and have different outcomes than sudden
transitions followed by new equilibria (“fixed states”). Selection pressures associated with occasional
brief episodes of extreme temperatures can be very different from those that operate during normal
conditions, and drastically influence population fitness. Few experimental studies (5%) used a
fluctuating and gradually increasing temperature treatment that qualitatively resembled to some
extent the change that has occurred during the past 100 years [1] (Figure 1c). However, the thermal
challenge severity (expressed as ◦C × year−1) in the experimental studies exceeded by several orders
of magnitude (median: 10,000) the rate of water temperature increase projected for the oceans for the
century to come [1] (Figure 5). Estimated future ocean warming is not uniform across the globe [1],
but the magnitudes of such regional differences do not match the discrepancy indicated in Figure 5.
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Figure 5. Thermal challenge severity in experimental studies of climate change impact on biodiversity
in marine and freshwater environments in relation to reconstructions of past land and ocean global
warming and prognosticated future global ocean warming. Thermal challenge severity (in ◦C× year−1)
was calculated as the ratio of the magnitude of the difference in temperature between treatments
(for studies with fixed treatments) or change in temperature over time (for studies with a gradually
changing temperature treatment) and study duration in years. The hatched line above the box indicates
the mean, the solid line within the box indicates the median, the boundaries of the box indicate 25th
and 75th percentiles, whiskers below and above indicate 10th and 90th percentiles, and dots indicate
outlying observations among the experimental studies. Box plot is based on data for 194 experimental
studies. The red arrow to the right indicates the rate of past climate change, estimated from the globally
averaged combined land and ocean surface temperature data as calculated by a linear trend, show a
warming of 0.85 (0.65 to 1.06) ◦C, over the period 1880 to 2012 [1]. The red box indicates the upper and
lower bound of the rate of future global ocean warming, as calculated based on best estimates of ocean
warming in the top one hundred meters of about 0.6 ◦C to 2.0 ◦C by the end of the 21st century [1].
Estimated future ocean warming is lower, about 0.3 ◦C to 0.6 ◦C, at a depth of about 1000 m [1].

The combination of temperature manipulations and durations of the reviewed experiments can
contribute important knowledge and understanding of how individuals, species and communities are
affected by temperature changes at scales associated with variable weather conditions, seasonality,
or episodic “pulse” events of regional warming of ocean waters, such as those associated with El
Niño Southern Oscillation (ENSO) cycles or El Niño events. However, it seems questionable whether
and how the nature and magnitude of experimental temperature manipulation regimes used in most
studies allow for inferences about future and more long-term climate change impacts on biodiversity.

It might be argued that the reviewed experimental studies on which the above analysis on thermal
challenge was based were not designed to investigate consequences of climate change, and that our
conclusion and critique regarding experimental design and thermal challenge is therefore unfair.
However, as explained in Materials and Methods (Section 2.1), our topic literature search was designed
to target only those publications in which “global warming” or “climate change” was included in the
Title, Abstract, Keywords or a combination of these. In more than half (463 of 746) of the reviewed
studies, one of our search terms was included in the Title, indicating that the author(s) considered the
work highly relevant within a climate change context. In the majority (167) of the 216 experiments
for which information was available on both magnitude of temperature manipulation and study
duration, climate change or global warming was explicitly stated either in the aims or conclusions
(or both) in the Abstract. In an additional 25 experimental studies, the authors alluded to elevated sea
temperatures, climate effects, or warming temperatures in the Abstract and included our search terms
in the title or keywords. In the remaining 18 experiments, the search terms were not mentioned in the
Abstract but included in the Title. This means that it was not us but the authors themselves that placed
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the aim/question/hypothesis/implication of the studies included in this methods-review within the
framework of climate change.

There were no differences between experimental studies that did not, and experimental studies
that explicitly did, include climate change or global warming in aims or conclusions statements in
the Abstract regarding the magnitude of the difference between temperature treatments (Median
Two-Sample Test, Z = 0.40, P = 0.69), study duration (Z = 1.00, P = 0.32), or thermal challenge
severity (Z = 0.91, P = 0.36). This argues against the interpretation that the nature of the temperature
manipulations was different depending on the degree to which authors linked their studies to climate
change issues.

3.6. General Discussion and Overall Assessment of Approaches Used in the Reviewed Studies

Warming of the planet will have many side effects, including reduction of the ice cover and
permafrost, changes in ocean currents and precipitation patterns, and increased ocean acidification,
storm frequency, turbidity and floods [1,2]. Together with continuously changing and expanding
human land use they will impact biodiversity. There is little doubt that the methodological
approaches used in the studies included in this review can provide important insights into how
temperature influences performance of individual organisms and ecosystems in marine and freshwater
environments, and further our understanding of how biodiversity responds to spatially heterogeneous
environments, changing weather conditions, and seasonality. However, the degree to which the
studies also provide information that allows for reliable and realistic projections regarding biodiversity
consequences in aquatic ecosystems of increased water temperatures associated with future climate
change remains uncertain. Due to the potential problems associated with study design discussed in
the preceding sections, it is difficult merely to discern what we currently do and do not know about
marine and freshwater ecological responses to long-term global warming. On a more positive note,
our work offers important realizations and guidelines for research to come.

To investigate and project how biodiversity will change as a result of overall small temperature
increments on time scales that in the perspective of normal scientific studies are very long is hard [6,7].
Improving the reliability of future climate change consequence models requires an agenda that aims
to more truthfully resemble future changes (albeit uncertain) and processes that are operative under
natural situations in the wild. More accurate projections of climate change consequences also requires
data from long-term (across generations), replicated experiments with appropriate controls, conducted
at spatiotemporal scales relevant for the species and community under investigation, and realistic
(oscillating and gradually increasing at a slow rate) temperature manipulation regimes. Single-species
and single-factor experiments can provide valuable insights and knowledge, but are not sufficient to
investigate biodiversity responses to climate change, there is a need for multifactorial experiments
that assess the combined additive and interactive effects of temperature and other environmental
conditions [7,22,34].

3.7. Finding the Balance between Realism and Methodological Tractability

There is necessarily a trade-off between “real-world” complexity and tractability of manipulation
experiments. The simplification process involved in experimental design is fundamental to how we
gain knowledge, and it defines inference space. There will always be room for disagreements about
what is an acceptable realism gap, and there will always be room for increased realism, for example
by further increasing species complexity or reducing temperature challenge. Therefore, it is of course
relevant to ask when enough is enough.

It is reasonable to hypothesize that the nature of the relationship linking quality of results
(or inference space or projective power) to the level of experimental realism is non-linear and follows the
law of diminishing returns, such that efforts toward increasing realism may initially be very rewarding
while generating little additional benefit beyond a certain level of realism increment. Has research
investigating climate change impacts on biodiversity in aquatic environments yet approached the
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asymptote? Based merely on the distribution of the reviewed studies across methodological categories
outlined above, a subjective answer would be no. However, it would be possible (but difficult) to
objectively investigate this issue by conducting (or comparing) a series of experiments with different
levels of realism (with regard to species complexity, nature and severity of temperature challenge,
or study duration) and examine whether and how outcomes and conclusions change depending on
realism or degree of complexity [27,34,35]. Results of a recent meta-analysis [36] show that experimental
warming reduces community species richness in marine but not in freshwater systems, that there were
no impacts on evenness in aquatic systems, that intensity and duration of experimental warming did
not explain variation in responses among studies, and that biodiversity effects depended on local
species composition.

4. Directions for the Future

4.1. Steps towards Increased Realism

Theoretical models, simulations, observational studies and manipulation experiments must make
simplifications in order to be tractable. As we have seen, simplifications come in the form of excluding
complex interactions of which there is insufficient knowledge and data; conducting experiments in
the laboratory to control for “noise” that complicates interpretation of experiments conducted in the
field; conducting experiments on plots that are of a practical size and over time frames that are realistic
to maintain; and using experimental temperature manipulation regimes that are practical and likely
to generate detectable effects. Such simplifications are understandable and often justified. However,
some steps towards increased realism and expanded inference space are possible even within the
constraints set by practical limitations, whereas tackling more ambitious research goals also requires
that actions are taken to overcome certain constraints to study design.

4.1.1. Assess and Identify Causes of Heterogeneity of Biodiversity Responses to Climate Change

Past and future rates of warming vary across the globe [1]. Coordinated efforts could help evaluate
whether responses to common manipulations (of e.g., temperature or salinity) depend on ecosystem
type, species composition, or the evolutionary history of the focal species. This is an important task.
If shared responses are common, this would allow for broad generalizations and transfer of knowledge.
If, on the other hand, responses are heterogeneous and context dependent, this might help identify
environmental factors and species characteristics that potentially mould the ways biodiversity is
influenced by climate change. Comparisons of observational studies carried out in different areas can
potentially generate similar insights. For instance, results from a meta-analysis of studies of terrestrial
organisms indicate that rates of poleward range margin shifts vary among studies and decrease with
increasing mid-latitude [33].

4.1.2. Target those Response Variables that are likely to be of Importance for Biodiversity Responses to
Climate Change

Only one third of observational and experimental studies reviewed here specifically investigated
effects of temperature on reproductive life-history, survival or range shifts, and no study addressed
or demonstrated evolution. To select different or include additional response variables should be
feasible within the frameworks of single projects and the potential benefits would in many cases likely
outweigh the costs associated with any increase in sampling efforts. If more researchers include several
response variables in their studies, this will also provide for larger sample sizes and increased power
in future comparative investigations and meta-analysis.

4.1.3. Use Multi-Species Approaches

Only one fifth of the studies included in this review included three or more focal species.
Even single-species studies can provide important contributions for the understanding of climate
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change impacts on biodiversity, and help disentangle results from more complex experiments and
settings. However, the performance and ecological success of individuals, species and communities is
defined by interactions of the abiotic environment and by complex interactions between individuals
belonging to the same or to different species. Rosenblatt and Schmitz [34] synthesized literature
on the interactive effects of multiple climate change variables (e.g., temperature, precipitation,
CO2, O3, ultraviolet radiation) on trophic interactions. They report that the qualitative effect on
response variables directly related to trophic interactions (such as feeding rate, weight gain, and
population biomass) depend on whether climate change variables were manipulated alone or together.
Furthermore, both response type and magnitude are highly context dependent, indicating that
unanticipated emergent effects of climate change on ecosystems are likely to occur [34]. As suggested
elsewhere [18], eco-evolutionary dynamics and the roles of direct and indirect multi-species interactions
can be studied from an evolving meta-community perspective to obtain deeper insights into the
complex issue of how abiotic factors and species interactions together and in an interdependent
manner shape biodiversity responses to climate change [10,14,18,26,29].

Theoretical development has progressed faster than the accumulation of empirical tests of
interactive responses to climate change [18]. In the wait of more experiments within the co-evolving
species interaction framework, there is room also for researchers and groups not primarily interested
in community ecology to improve the situation, maximize resources, enhance research capacity and
generate added value. For instance, it is conceivable that a manipulation experiment originally
designed by ecologists working on fish for studying how temperature influences hatching success of
eggs, survival of larvae and growth of fry with only minor modifications to study design and sampling
scheme can generate valuable information also on bacteria, zooplankton or phytoplankton.

4.1.4. Use Temperature Regimes Better Suited for Making Inferences about Climate Change Effects
on Biodiversity

The median difference between experimental temperature treatments in the studies reviewed here
was 4 ◦C. During the planning stage, researchers may consider whether it would be appropriate and
logistically feasible to increase the number of temperature treatment levels and reduce the magnitude
of temperature intervals between treatments. Even if this comes at the cost of reduced replication
within treatment levels, it allows for more accurate estimation of the shape of thermal performance
curves and location of the thermal optima. About 75% of the studies included in this review used a
fixed temperature manipulation. In future experiments, it should be considered whether fluctuating or
gradually increasing temperature treatments would be equally or more suitable, and whether study
duration could be increased to reduce the severity of the thermal challenge.

4.2. Big Challenges Call for Ambitious Actions and Solutions

The suggested changes in approach and modifications to study design necessary to improve
realism and power of projections of climate change-induced effects on biodiversity are hard to
implement given the time frames and budgets of research projects. However, collaborations in the form
of large data set sharing (big data initiatives), development of robust metadata, networking technology,
establishment of well-curated open data repositories can help scientists overcome limitations due to
large data sets, and offer access to comprehensive data for reviews and comparative studies as in
genetics, ecology and environmental research [37,38]. There are several examples of such approaches,
such as The Tree of Life Web Project [39], The IUCN Red List of Threatened Species [40] (International
Union for Conservation of Nature), and The International Nucleotide Sequence Database Collaboration
(INSDC) [41]. For endeavours that require more resources than are typically available to individual
scientists, groups or institutions, national or international consortia in which member organizations
and individuals work towards common specified goals and objectives may offer fruitful avenues to
progress. A case in point of direct relevance for the current discussion is the Intergovernmental Panel
on Climate Change (IPCC), a scientific body which does not carry out original research nor monitor
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climate or related phenomena itself, but produces reports to which thousands of scientists and experts
contribute and which are subject to approval by delegates from all participating governments [1].
A similar initiative is the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services (IPBES) [42], which helps coordinate the planning, execution and dissemination of research
concerning the consequences of climate change for biodiversity.

Joint ventures, international collaboration and co-funding have enabled the acquisition and
construction of large-scale infrastructure facilities for research and related activities in other contexts,
for instance, the Svalbard Global Seed Vault [43]. By comparison, more modest, cheaper and technically
less demanding facilities would suffice to tackle ambitious research questions within the framework of
climate change impacts on biodiversity.

4.3. Experimental Temperature Manipulation in the Wild

Ultimately, there is a need for large-scale, long-term and replicated temperature experiments in
the wild. Although logistically and financially challenging, it should be possible to experimentally
elevate water temperatures in a series of natural ponds, small lakes or to create temperature gradients
in coastal bays in the Sea. This would allow for cross sectional before versus after comparisons and
generate valuable longitudinal time series data. Comparisons could be made with unmanipulated
control areas. Temperature manipulation in the wild would offer valuable resources for a broad range
of research questions pertaining to the effects of temperature change on the performance of individuals
and species, community composition and interactions, and ecosystem functioning. Initiatives to
such large-scale thermal elevation areas should ideally include on-site laboratory facilities and be
accompanied by long-term funding for maintenance to secure consistent monitoring and sampling.
Clearly there is a series of ethical issues to consider before such large-scale experiments are initiated.

Scientists can also monopolize on already existing warm water effluents, such as emission
of heated cooling water from power plants (e.g., [44–49]). If information on base-line levels is
available from surveys conducted before construction, the effects of the temperature increase can
be evaluated based on comparisons with more current situations as estimated from monitoring
programs of recipient areas [49]. Temperature elevations likely exceed those associated with global
warming [1], but comparisons along gradients from the core and out towards less affected and
control areas might help evaluate effects of different magnitudes of change in complex systems.
Some organisms lend themselves to the study of adaptation to temperature change by means of
historical reconstructions. For species with dormant eggs or seeds that accumulate in chronologically
layered sediments, ancestral character states can be determined by cultivating individuals from the
past [50]. Within the framework of resurrection ecology [51], evolution can potentially be assessed by
rearing such eggs in temperature gradients and comparing their thermal tolerance and performance
curves with those of extant populations in the recipient area.

4.4. Ecologists and Evolutionary Biologists Must Rise to the Challenge

The directions for future research outlined above, and other improvements to study design [7,52],
together with the integration of information obtained from different systems and approaches [6],
should yield a clearer, more realistic view, and strengthen the validity of future investigations into
biodiversity and ecosystem responses to increased overall water temperatures associated with climate
change. Compared with investigations into ecological responses, evolutionary biologists are faced with
even greater challenges. There is little doubt that climate change will result in marked and widespread
changes in selection pressures. However, it remains uncertain whether evolutionary responses can in
general be sufficiently rapid to allow for genetically based adaptations to keep pace with the expected
rates of environmental changes and shifting selection pressures brought about by climate change [53].
Predictions are complicated also because global warming can influence population sizes, patterns of
gene flow, and the potential for hybridization—all of which might influence evolution. Clarifying
the role of evolution is challenging also because it is difficult to separate genetic adaptations from
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non-genetic plasticity. Benefits from developmental plasticity and phenotypic flexibility for population
persistence in the face of environmental change can be large [35,54], and plasticity and flexibility
are relatively easy to detect compared with genetic changes [15]. While plasticity has potential to
boost evolutionary adaptations, it can also reduce the evolutionary response to natural selection and
thereby prevent genetic adaptation. Empirical studies of the relative roles of plasticity and evolutionary
responses within the context of climate change are in high demand but challenging to perform [53].
Even less is known about how adaptations and evolutionary changes at the species level brought
about by climate change will impact species interactions, community composition and ecosystem
functioning. Global warming and its consequences are a major concern for us all. It is crucial that
resources and facilities are obtained for tackling also more ambitious research goals, and meeting
the demands for large-scale, long-term studies and experiments with greater realism. The future we
are about to enter will likely be warmer, and it is our common obligation to ensure that it will also
be enlightened.
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