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The current epoch has been termed the Anthropocene, given the unprecedented impact of 
human  activities on ecosystems, leading to the alteration of biogeochemical cycles and to major 
losses of biodiversity and ecosystem services.

Od 1950. godine svjetsko stanovništvo utrostručilo se te sada broji 7,5 milijardi stanovnika, broj 
ljudi koji žive u gradovima učetverostručio se te iznosi više od 4 milijarde, ekonomska 
proizvodnja povećala se 12 puta, što je popraćeno sličnim povećanjem upotrebe dušičnih, 
fosfatnih i kalijevih gnojiva, a potrošnja primarne energije povećala se peterostruko. Kad je riječ
o budućnosti, čini se da će se takvim globalnim kretanjima i dalje povećavati pritisak na okoliš. 
Predviđa se da će svjetsko stanovništvo porasti za gotovo trećinu do 2050. i brojiti 10 milijardi 
stanovnika. Uporaba resursa na globalnoj razini mogla bi se udvostručiti do 2060. pri čemu bi 
potražnja za vodom mogla porasti za 55 % do 2050., a potražnja za energijom za 30 % do 2040.
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The current epoch has been termed the Anthropocene, given the unprecedented 
impact of human  activities on ecosystems, leading to the alteration of 
biogeochemical cycles and to major losses of biodiversity and ecosystem services.

prema procjenama svijet je od 1997. do 2011. izgubio 3,5–18,5 bilijuna EUR 
godišnje u uslugama ekosustava zbog promjena izazvanih prekrivanjem tla i 5,5–
10,5 bilijuna EUR godišnje zbog degradacije zemljišta
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Hence, ecosystem managers are confronted with questions of stressor 
prioritisation and require robust scientific knowledge on stressor interactions to 
avoid ecological surprises from management measures. 
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A stressor represents the immediate cause for moderate or worse ecological status (e.g. oxygen 
depletion causing suffocation of fish), or it is a preceding factor in a causal chain conditioning 
moderate or worse status (e.g. river flow variation [causing changes in near-bottom flow] 
causing benthic invertebrates to indicate poor ecological status). 

Introducing the term ‘stressor’ allows for more specific analysis of the reasons why a water body 
does not reach good ecological status. Knowing about stressor quantity and combination is 
additionally important to inform water management under multi-stressor conditions. 
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One of the key findings from our review was that multiple-stressor researchers from different 
disciplines, despite studying fundamentally the same phenomena, are using different 
terminology for predictor variables
and interactions. Equally, the most common predictor and response variables studied differ 
among disciplines which probably reflect alternative perspectives on which stressors are most 
important [36].
Another difference between and within disciplines is how researchers define a stressor. Many 
researchers associate stress with a negative biological response [23,43], but others argue that 
the effect of any stressor is context-dependent and can be positive or negative [7,29,44].

Another element to consider is whether a stressor can be natural, or only anthropogenic. Some 
researchers keep the definition as broad as possible [29,45], whereas others state that what 
separates a stressor from a ‘driver’, ‘factor’ or ‘disturbance’ is that it is anthropogenic [7,46]. For 
the latter definition, it is important to note that natural factors such as predation or herbivory 
can become stressors under human modification.

As a result of the division between these research communities, certain ideas or approaches can 
become confined to different disciplines. Novel concepts and approaches do not need to be (re-
)discovered multiple times and all disciplines would benefit from a mutual exchange of ideas.
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The independent effects of some anthropogenic stressors are now relatively well described, at 
least at the individual or population level for a few focal species (e.g. changes in abundance, 
local extinctions, range shifts in mussels and fish14,15 ). Whole community and ecosystem-level 
responses are less well known16 , but these can include loss of biodiversity and/or ecosystem 
services, such as fish production or carbon sequestration.
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Moreover, a single pressure (e.g. the broad pressure category of diffuse source 
pollution) can exert different stressors (e.g. increased concentrations of 
nutrients, pesticides and fine sediment accumulation), affecting the state of the 
ecosystem. 
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Ecotoxicology is the study of the effects of toxic chemicals on biological organisms, 
especially at the population, community, ecosystem, and biosphere levels. Ecotoxicology 
is a multidisciplinary field, which integrates toxicology and ecology. 

Toxic effects are often initially manifested at the molecular or biochemical level, biomarkers are 
therefore used as sensitive indicators of toxic exposure. Ideally, biomarkers would also indicate 
reduced fitness and possible later effects at the individual or population levels. 

Differential expression of heat shock proteins and antioxidant enzymes in response to 
temperature, starvation, and parasitism in the Carob moth larvae, Ectomyelois ceratoniae
(Lepidoptera: Pyralidae) Saeed Farahani, Ali R. Bandani , Houshang Alizadeh, Seyed Hossein
Goldansaz, Steven Whyard
Published: January 29, 2020
https://doi.org/10.1371/journal.pone.0228104

Fig 2. Level of HSP70 and HSP90 transcripts following a moderate heat (37°C for 20 min) and 
cold (10°C for 30 min) treatment, relative to their respective levels at normal rearing 
temperature (26°C), parasitism by H. hebetor at 24 h and 48 h post parasitism, and at 24h and 
48h post-starvation.

Heat shock proteins (HSP) are a family of proteins that are produced by cells in response to 
exposure to stressful conditions. They were first described in relation to heat shock,[1] but are 
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now known to also be expressed during other stresses including exposure to cold,[2] UV light[3]

and during wound healing or tissue remodeling.[4] Many members of this group perform 
chaperone functions by stabilizing new proteins to ensure correct folding or by helping to refold 
proteins that were damaged by the cell stress.[5] This increase in expression is transcriptionally
regulated. The dramatic upregulation of the heat shock proteins is a key part of the heat shock 
response and is induced primarily by heat shock factor (HSF).[6] HSPs are found in virtually all 
living organisms, from bacteria to humans. 
Heat-shock proteins are named according to their molecular weight. For example, Hsp60, Hsp70
and Hsp90 (the most widely studied HSPs) refer to families of heat shock proteins on the order of 
60, 70 and 90 kilodaltons in size, respectively.[7] The small 8-kilodalton protein ubiquitin, which 
marks proteins for degradation, also has features of a heat shock protein.[8] A conserved protein 
binding domain of approximately 80 amino-acid alpha crystallins are known as small heat shock 
proteins (sHSP).
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Figure 1. Summary of the TK and TD traits that may be linked to species sensitivity, traits can be 
inherent or derived from a range of available genome resources.
Species Sensitivity to Toxic Substances: Evolution, Ecology and Applications
David Spurgeon1*, Elma Lahive1, Alex Robinson1, Stephen Short2 and Peter Kille2

Front. Environ. Sci., 01 December 2020 | https://doi.org/10.3389/fenvs.2020.588380
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Ecotoxicology is the study of the effects of toxic chemicals on biological organisms, especially at 
the population, community, ecosystem, and biosphere levels. Ecotoxicology is a multidisciplinary 
field, which integrates toxicology and ecology. 

Brodin et al. 2014: The study of animal behaviour is important for both ecology and 
ecotoxicology, yet research in these two fields is currently developing independently. Here, we 
synthesize the available knowledge on drug induced behavioural alterations in fish, discuss 
potential ecological consequences and report results froman experiment in which we quantify 
both uptake and behavioural impact of a psychiatric drug on a predatory fish (Perca fluviatilis) 
and its invertebrate prey (Coenagrion hastulatum). We show that perch became more active 
while damselfly behaviour was unaffected, illustrating that behavioural effects of 
pharmaceuticals can differ between species. Furthermore, we demonstrate that prey 
consumption can be an important exposure route as on average 46% of the pharmaceutical in 
ingested prey accumulated in the predator. This suggests that investigations of exposure 
through bioconcentration, where trophic interactions and subsequent bioaccumulation of 
exposed individuals are ignored, underestimate exposure. Wildlife may therefore be exposed to 
higher levels of behaviourally altering pharmaceuticals than predictions based on commonly 
used exposure assays and pharmaceutical concentrations found in environmental monitoring 
programmes.

Oxazepam is a short-to-intermediate-acting benzodiazepine. Oxazepam is used for the 
treatment of anxiety and insomnia and in the control of symptoms of alcohol withdrawal 
syndrome.
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Petitjean et al 2019 Stress responses in fish: From molecular to evolutionary processes
https://doi.org/10.1016/j.scitotenv.2019.05.357
Science of The Total Environment
Volume 684, 20 September 2019, Pages 371-380
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Promjene areala na regionalnoj razini: primjer
Furthermore, comparison of previous and current distributional data, in the overlapping 
localities, enables us to estimate that 55% of A. astacus and 67% of A. pallipes populations
disappeared in the last decade, mainly due to anthropogenic influence onto their habitats. The 
recorded alarming trend of A. pallipes disappearance from the waterbodies of the Adriatic Sea 
drainage is similar to 68% disappearance previously reported (Maguire et al., 2011), and 
consistent with records from other European countries (Gil-Sánchez and Alba-Tercedor, 2006; 
Holdich et al., 2009). The most probable reason for their disappearance is a reduction in water 
levels, due to droughts or excessive water abstraction for agricultural purposes. If this negative 
trend continues, we can expect extinctions of A. pallipes from many areas in the Adriatic Sea
drainage.

Promjene na globalnoj razini zbog globalno vrlo raširenog stresora – promjene riječnog toga, tj. 
gradnja brana: Barbarossa et al 2020 PNAS www.pnas.org/cgi/doi/10.1073/pnas.1912776117 
While an estimated ∼50% of the river volume is currently altered by either flow regulation or 
fragmentation, the pending construction of ∼3,700 major hydropower dams is expected to 
increase this percentage to 93%.
Freshwater fish are highly threatened by dams that disrupt the longitudinal connectivity of rivers 
and may consequently impede fish movements to feeding and spawning grounds. In a
comprehensive global analysis covering ∼10,000 freshwater fish species and ∼40,000 existing 
large dams we identified the most disconnected geographical ranges for species in the United 
States, Europe, South Africa, India, and China. The completion of near-future plans for ∼3,700 
large hydropower dams will greatly increase habitat fragmentation in (sub)tropical river basins, 
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where many livelihoods depend on inland fisheries.
We found the largest differences between impacts of present and future dams for species 
occurring in South America, Africa, and Southeast Asia (Fig. 2).
Fig. 3. Mean Connectivity Index (CI in percent) across nondiadromous species in four exemplary
main hydrologic basins. The maps show the basin hydrography with the locations of dams (Left) 
and the CI at the subbasin level for the present situation and future projection (Center). The 
species-specific CI values are summarized as boxplots, with diamonds
representing the mean (Right). Numbers in brackets next to each basin name represent the
number of fish species considered.
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Moreover, a single pressure (e.g. the broad pressure category of diffuse source 
pollution) can exert different stressors (e.g. increased concentrations of 
nutrients, pesticides and fine sediment accumulation), affecting the state of the 
ecosystem. 

18



Moreover, a single pressure (e.g. the broad pressure category of diffuse source 
pollution) can exert different stressors (e.g. increased concentrations of 
nutrients, pesticides and fine sediment accumulation), affecting the state of the 
ecosystem. 

19



In this study, we tested whether or not the interactive effect of temperature and pollution had 
stronger effects on the survival rate of A. salina rather than either effect alone. Our data did not 
support our prediction; we found that there was not a significant synergistic effect of 
temperature change and pollution on the survival of A. salina. In contrast, our results showed 
that the strongest negative effects on A. salina survival were driven by temperature alone, under 
the highest temperature (34 °C) A. salina had the lowest survival rate. This response may be 
explained by Gajardo’s 2012 study on the Artemia species and their adaptation to critical life 
conditions. Artemia can survive in extreme habitats that range from 5 °C to 40 °C, but when their 
upper limit is reached, there are drastic effects. This results in a major reduction of the Artemia
populations (Gajardo et al., 2012). It was 
predicted that with increasing temperature levels above the optimum (24 °C) would affect the 
biological functions of the A. salina. Hence, it was hypothesized that the most 
extreme conditions would yield the lowest rate of survival, but it was not expected that the 24 
°C with atrazine treatment would have similar results to the control. 
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Additive interactions result in changes in state that are the sum of the effects of the 2 stressors 
individually. 
Traditional simple approaches, that only account for individual stressors, or an approach that is 
simply additive, cannot explain these synergistic or antagonistic interactions, so these results 
have often been termed ‘ecological surprises’. In reality, the opposite is true: perfect additivity 
should be rare in complex natural systems where many different variables can alter interactions 
(both between species and stressors), so such results are not surprising at all: they are exactly 
what we should expect to see in nature3,5,8,13,14,17

Antagonistic interactions occur when 2 or more stressors interact to lessen or mitigate their 
individual effects the stressors added together. 
Synergistic interactions are generated when 2 stressors amplify the effect of each other e.g., 
multiplicative, such that negative effects of the stressors are greater than if the 2 stressors were 
additive. 
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Fig. 3. Percentage of difference (DF) between the filtration obtained 
experimentally and the filtration predicted by the additive model for the different 
experimental conditions tested for double stressors at different water 
temperatures of T ¼ 15 ?C (a), T ¼ 25 ?C (b), and at T ¼ 20 ?C (c) and the 
combination of three stressors (d). The horizontal dashed line represents the 
percentage of 50% of difference in DF.
(NeNH4
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Rohr et al.,66 for example, observed that the decline of the amphibian Rana pipiens was 
correlated to both agrochemical exposure and parasite infection. One of the agrochemicals had 
a direct immunosuppressive effect on the amphibians, thereby rendering them more 
susceptible to parasite infections. At the same time, the agrochemicals favored snail 
intermediate hosts of the parasites, thereby increasing the infection pressure to the amphibians. 
Thus, both direct and indirect effects contributed to the ecological outcome of the stressor 
combination.

Figure 1 | Proposed mechanisms for the relationship between atrazine and larval trematodes in 
amphibians. a, The relationship between detectable concentrations of atrazine plus 
desethylatrazine in water samples and larval trematode abundance (‘probit’ transformed, that 
is, the normal standard deviate of mean abundance/1,000) in northern leopard frogs, R. pipiens.
Each data point represents a wetland, and a 95% confidence band is shown. b, Results of a path 
analysis examining the suggested mechanisms by which atrazine plus desethlyatrazine increase
larval trematode abundance. Unstandardized and standardized coefficients, respectively, are 
provided next to each path. Solid arrows represent significant paths. The model chisquare was 
0.339 (d.f.51, P50.561), indicating that the model was a good fit to the data.
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MARS:  D6.1The range of responses in stressor interactions across all our case-studies highlight 
that it is often difficult to predict how two stressors may interact at a given site and both 
synergistic and
antagonistic responses may be possible for the same stressor combination at sites with different
characteristics or different levels of stress. Sometimes the significance of stressor effects, both
acting singly or in combination, may be masked by other covariates either in different seasons or
years (e.g. effects of nutrients may be masked by high flow in rivers) or at sites of differing
typology (e.g. deep lakes may differ in sensitivity from shallow lakes).
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Figure 1. Importance of Timescales in Defining Stressors. (A) Classification of stressor type 
(adapted from [1]), expanded with real-world examples (B, C) and linked to generation time (D).
(B) Nutrient pollution in coastal basins in Florida [35] is an oscillating discrete stressor (from an
anthropocentric perspective), with peaks associated with agricultural activity. (C) Global 
warming is a ramped continuous stressor: average global annual air temperatures are getting 
higher each year (data from NASA; www.data.nasa.gov). (D) The same type of stressor as in (A) 
will be experienced differently by species depending on their generation time. Taking the 
example of nutrient pollution, a single-celled alga (generation time ≈ 1 day) experiences the 
pollution as a ramped continuous stressor, while a larger, longer-lived predatory fish (generation 
time ≈ 8 years) experiences the pollution as an oscillating stressor at absolute timescales closer 
to our own anthropocentric perception of time.
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The Relationship between Stressor Overlap and Organismal Timescales. (A) An example of 
‘common syndromes’ of multiple agricultural stressors in freshwater ecosystems overlapping in 
absolute time, and how organisms of different generation times experience them. Normal 
generation time is shown as blue bars, while red bars represent reduced generation time caused 
by higher metabolic rates under warmer conditions due to global climate change (an umbrella 
‘master stressor’). In this example, a single generation of single-celled algae (e.g., 
Chlamydomonas spp.; generation time ≈ 1 day) experiences only one stressor (nutrient pollution 
in gray) in addition to warming, while a larger, endothermic, longer-lived predatory bird (e.g., 
cormorant, Phalacrocorax carbo; generation time ≈ 20 years) experiences two further stressors 
(nutrient pollution in gray and sedimentation from bank erosion in yellow). A fish species (e.g., 
northern pike, Esox lucius) with generation time (≈ 8 years) intermediate between the alga and 
the bird experiences three stressors in addition to warming (nutrient pollution in gray, 
sedimentation from soil erosion in yellow, and a chemical spill in green), but the proportionate 
exposure to each differs from that of the bird. Warming as our ‘master stressor’ reduces 
generation time and alters how individuals experience stressor events over the two decades 
shown in the figure; for instance, the individual pike’s generation time is reduced such that it 
does not experience the chemical spill (in green) in a warmer world.

Timescale Differences and Lags in Stressor Effects in the Context of Whole Ecosystems. (A) 
Hierarchy of timescales implicit in a pyramid of biomass. Generation time increases with 
decreasing mass-specific metabolic rate, and depending on the system and species’ body size 
also increases with the trophic level (in basic biomass pyramids, but it is important to note that 
some ecosystems have inverted pyramids of biomass; e.g., some marine food webs). For 
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stressors that impact the base of the food web first, ecosystems where the smallest organisms 
also occupy the largest biomass (a ‘standard’ biomass pyramid, often seen in freshwaters), the 
response of the ecosystem is expected to be faster than if the ecosystem has an inverted 
pyramid. (B) The lagged effects of a discrete stressor, mediated by species interactions. Black 
lines represent feeding links and arrows the direct (darkest gray) and indirect (lighter gray) effects 
of a stressor event.

Iz Segner et al. 2014 ES&T: The classical ecological example of such indirect actions are bottom-
up or top-down effects of stressors in foodwebs, for example, herbicide-induced reduction in 
phytoplankton biomass impairs the nutritional condition of the phytoplankton consumers and 
thereby impairs their response capacity to other stressors.
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To meet the challenge of diagnosing and predicting multiple stressor impacts, assessment 
strategies should focus on properties of the biological receptors rather than on stressor 
properties. This change of paradigm is required
because (i) multiple stressors affect multiple biological targets at multiple organizational levels, 
(ii) biological receptors differ in their sensitivities, vulnerabilities, and response dynamics to the 
individual stressors, and (iii) biological receptors function as networks, so that actions of 
stressors at disparate sites within the network can lead via indirect or cascading effects, to
unexpected outcomes.

Assessing the Impact of Multiple Stressors Needs Common Effect Metrics. The fact that 
multiple stressors can have both direct and indirect effects on different receptors and on 
receptor interactions complicates the assessment of their combined effects. Lethality, for 
instance, is useful as an effect metrics for the toxic impact of chemical mixtures. However,
lethality is inappropriate to quantify the joint effects of chemical exposure and habitat change. 
To overcome such difficulties in measuring combined actions of different types of stressors,
effects assessment of multiple stressors requires a common descriptor, which is able to measure 
effects of chemical, physical
as well as biological stressors.

Assessing the Impact of Multiple Stressors Needs Knowledge on Receptor-Specific Sensitivities 
and Vulnerabilities. Biological receptors differ in their inherent sensitivity to stressors. The 
sensitivity of a species to a given stressor is largely determined both by its physiological reaction
norms and its ecological life history characteristics.56,57 In ecotoxicology, species sensitivity 
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distributions (SSD) are used to map the variation of species sensitivities to chemicals.54,58 This 
approach is suitable for nonchemical stressors as well, and is promising for combined stressor 
assessments, as recently shown by Verbrugge et al.59 However, the SSD approach is mostly 
descriptive, that is, it does not explain why a certain species is sensitive or tolerant. For multiple 
stressor assessment, it will be crucial to move from a descriptive species identity approach, as 
currently used in SSD, to explanatory approaches which integrate physiological and ecological 
traits of species (e.g., refs 43, 57, and 60).

Assessing the Impact of Multiple Stressors Needs to Consider Interactions within Receptor 
Networks.
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Ecosystems are inherently complex entities whose response to environmental variables is
difficult to forecast; this is a possible consequence of nonlinear responses as well as of com- plex
interspecific interactions (Wootton et al., 1996). Their response to multistressor situations is 
even less tractable and demands the most rigorous experimental design, which must in- clude
definitions of clear and accurate hypotheses, selections of the most meaningful vari- ables, and a 
knowledge of the spatial and temporal scales at which these variables may respond (Downes, 
2010).

In monitoring or survey schemes where multiple stressors occur, reference or least disturbed 
sites are frequently included (Torn?es et al., 2007). In these situations, causality can be explored 
by means of direct ordination analyses such as redundancy analysis (RDA) or canonical 
correspondence analysis (CCA), although these approaches are mostly correla- tional and thus 
provide weak evidence for causality.

F1×F2 plane of the Canonical correspondence analysis (CCA) based on 21 mayfly taxa and 14 
environmental variables. For the abbreviations of the taxa codes (blue triangle symbols) see
Table 2. Legend: Environmental variables (red arrow symbols): Tw – water temperature (°C), Oxy
– dissolved oxygen content (mg/L), Con – conductivity (μS/cm), pH – pH, NH4+ – ammonium
(mgN/L), NO3- – nitrates (mgN/L), TN – total nitrogen (mgN/L), PO4 3− – orthophosphates
(mgP/L), TOC – total organic carbon (mg/L), BOD5 – biological oxygen demand (mgO2/L), 
CODMn – chemical oxygen demand (mgO2/L), vegetation – aquatic vegetation/phytal, fine 
sediment – silt, mud and sand, lithal – stones and gravel. 
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The multiple variants of the BACI (before-after/control- impact) design stand out as the most 
robust. The BACI design basically includes one or sev- eral control reaches as similar as possible 
to the reach or reaches that are going to be impacted (I); all reaches are studied before (B) and 
after (A) the impact, and the effect of the impact is measured from the changes in the 
differences between C and I reaches from the B to the A period (Downes, 2010). This is one of 
the most realistic designs, but it requires a precise knowledge of the sites and moments when 
impacts will occur and a good planning of the research. Also, care must be given to the duration 
of the experiment, as the response of an ecosystem is not necessarily immediate as shown, for 
instance, by the delay often found to detect the effects of restoration projects (Acun˜a et al., 
2013).
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To date, most studies on multiple stressor effects have sought to identify potential stressor 
interactions, defined as deviations from null models, and related meta-analyses have focused on
quantifying the relative proportion of stressor interactions across studies. These studies have 
provided valuable insights about the complexity of multiple stressor effects, but remain largely 
devoid of a theoretical framework for null model selection and prediction of effects. We suggest 
that multiple stressor research would benefit by (1) integrating and developing additional null 
models and (2) selecting null models based on their mechanistic assumptions of the stressor 
mode of action and organism sensitivities as well as stressor–effect relationships for individuals 
and populations. We present a range of null models and outline their underlying assumptions
and application in multiple stressor research. Moving beyond mere description requires multiple 
stressor research to shift its focus from identifying statistically significant interactions to the use 
and development of mechanistic (null) models. Justified selection of the appropriate null model 
is a first step to achieve this.
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