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Abstract 

Freshwater ecosystems are being disturbed by multiple new and ongoing stressors that often 

occur simultaneously or asynchronously. Among those stressors, fluctuations in salinity levels 

and heatwaves that are becoming more frequent and intensified can individually and interactively 

impact freshwater organisms. However, we lack a good understanding of their joint impacts and 

how the temporal fluctuation of these stressors affects the impacts. To help fill this gap, I 

conducted field and lab experiments using freshwater zooplankton to investigate their interactive 

effects on communities, populations, and physiological conditions. My results show that the joint 

effects of elevated salinity and heatwaves vary at different scales: antagonism (i.e., the joint 

effect is less than the sum of each individual effect) at the community level, mainly driven by 

species compositional changes; no interaction at the population level, caused by evolutionary 

changes; synergism (i.e., the joint effect is greater than the sum of each individual effect) at the 

individual level, due to physiological responses. I also found that the interactions between 

stressors change with different time intervals between them, because of the legacy effect of the 

prior stressor or population and community recovery processes. My work contributes to the area 

of multiple-stressor interaction by showing the joint effects of elevated salinity and heatwave 

conditions at different levels of biological organization. The findings demonstrate that ecosystem 

management and restoration efforts that commonly just address the effect of a single stressor 

should consider prior stressor exposure, and the combined effects of two asynchronously 

occurring stressors can be more accurately predicted when accounting for the time intervals 
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between the exposures. Moreover, the upscaling of lower-level (physiological and individual) 

results to the community or ecosystem level, which is sometimes used in the management of 

ecosystems, should be done with caution since there can be inconsistency in responses across 

ecological scales. 
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Glossary  

This glossary is for terms related to multiple stressors: 

Antagonistic/antagonistic effect - the combined effect of multiple stressors is less than the null 

effect (see “Null effect”) 

Asynchronously - when there is time interval between multiple stressors 

Co-tolerance - correlation between individuals or species’ responses to each stressor (can be 

unrelated, positive, or negative) 

Cross-susceptibility - developing tolerance to one substance leads to decreased tolerance to 

another 

Cross-tolerance - developing tolerance to one substance leads to better tolerance to another 

Iso-female line - the progeny of a single female Daphnia 

Legacy effects - the effects of previous disturbance on current conditions or processes 

Null effect - a priori expectation of the combined effect of stressors 

Sequentially - when multiple stressors occur one immediately after another 

Simultaneously - when multiple stressors occur at the same time 

Synergism/synergistic effect - the combined effect of multiple stressors is greater than the null 

effect (see “Null effect”) 
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Chapter 1. Introduction 

1.1 General Introduction 

Freshwater ecosystems are one of the most valuable resources for humans, for example, 

acting as a source of drinking water and the basis for food supply. They also serve as habitats for 

various species of wildlife and play an essential role in maintaining pivotal ecosystem functions 

(Koehler, 2008). However, freshwater ecosystems are being severely disturbed by human 

activities. Stressors, often caused by human activities, can be thought of as variables that exceed 

their normal range relative to a reference condition and causes effects at the individual, 

community, or ecosystem level (Piggott et al., 2015). During past decades, considerable research 

effort has been made to understand how different environmental stressors individually affect 

freshwater organisms, communities, and ecosystems (Reid et al., 2019), whereas, in nature, 

ecosystems are usually exposed to multiple stressors that act independently or interactively 

(Ashauer et al., 2017; Côté et al., 2016).  

Multiple environmental stressors can have several types of interaction. Additive effects (no 

interaction between stressors) are those when the combined effects are equal to the sum of their 

individual outcomes; antagonistic effects are those when the overall impacts are less than the sum 

of their individual outcomes, and synergistic effects are those when the combined stressors 

produced an outcome that is greater than the sum of their individual outcomes (Folt et al., 1999; 

Przeslawski et al., 2015; Tekin et al., 2021). Jackson et al. (2016) also suggested that sometimes 

the combined effect could be in the opposite direction from the sum of the individual effects, 
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which was defined as a reversed effect. Thus, the effects of multiple stressors sometimes cannot 

be simply predicted based on previous single-stressor studies and we need a better understanding 

of stressors’ interaction to predict their joint effects more accurately.  

Efforts have been made to improve our understanding of the combined effects of multiple 

stressors on aquatic ecosystems, particularly in marine systems. Stockbridge et al. (2020) showed 

that the combined effects of multiple stressors on seagrasses were mostly additive, but synergistic 

effects were also common. Another literature review about the combined effects of stressors on 

early marine life stages demonstrated that synergistic interactions were more frequently reported 

than additive and antagonistic effects (Przeslawski et al., 2015). However, a meta-analysis on the 

effects of paired stressors on freshwater ecosystems revealed that while different levels of 

biological organization and organism groups had different frequencies of interaction types, in 

general, the antagonistic effect was more prevalent than synergistic, additive, or reversed effects 

(Jackson et al., 2016). 

While most multiple stressor research considers simultaneous stressors, stressors often 

occur sequentially (i.e., one stressor happens after the other) or asynchronously (i.e., when there 

is a time interval between stressors) because of temporal fluctuations of biotic (e.g., low food 

availability) and abiotic factors (e.g., low oxygen level, high temperature, and high salinity; Bible 

et al., 2017; Breitburg et al., 1998; Gunderson et al., 2016). Studies have shown that an individual 

organism that has been exposed to a prior stressor can have improved (i.e., cross-tolerance) or 

decreased (i.e., cross-susceptibility) tolerance to the second novel stressor (Chen & Stillman, 
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2012; Pallares et al., 2012; Pallares et al., 2017; Todgham & Stillman, 2013). Thus, variation in 

previous exposure could lead to differences in physiological responses to a subsequent stressor. 

For example, both salinity and desiccation can cause dehydration, disturb osmoregulation in 

aquatic insects, and induce physiological mechanisms for water storage and maintaining ionic 

homeostasis (Pallares et al., 2017). Prior exposure to salinity stress could trigger these 

mechanisms, prepare the insects, and lead to better performance under a subsequent desiccation 

condition (Pallares et al., 2017). At the population level, exposure to a prior stressor can trigger 

evolutionary changes (Bell, 2017) and/or impair the genetic diversity of the population (Ribeiro 

& Lopes, 2013), influencing population responses to a subsequent stressor (Gonzalez & Bell, 

2013; Samani & Bell, 2016). Stressors can influence a community by selecting individuals and 

species that are tolerant to the environment, which can change community composition (Leibold 

& Norberg, 2004; Low-Decarie et al., 2015) and consequently influence response to a subsequent 

novel stressor (Fischer et al., 2013). For instance, Jurgens et al. (2017) suggested that previous 

predation pressure removed disturbance-vulnerable species from sessile marine invertebrate 

communities, making them more resistant to a subsequent low-salinity condition. Moreover, the 

exposure order of stressors may affect the outcomes. Ashauer et al. (2017) observed an effect of 

the order on amphipod Gammarus pulex’s responses to toxicants because the speeds of post-

stress physiological recovery of the toxicants were different and some of them were slow relative 

to the interval between exposures. So far, a few studies focused on sequentially or 

asynchronously occurring stressors at individual and population-level effects. We have limited 
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knowledge of community-level responses, but MacLennan and Vinebrooke (2021) suggested the 

correlation of species tolerance to stressors may determine the effect of exposure order. 

When stressors occur asynchronously, the length of the time interval between them could 

also influence the combined effects (Figure 1.1). When two stressors lead to similar physiological 

responses and there is a short time interval between them, the physiological mechanisms 

triggered by the first stressor may persist and protect the organism from the second stressor 

(Gunderson et al., 2016). Another possibility is that the extra energy expenditure during exposure 

to the first stressor may overwhelm the organism, resulting in an energy deficit and increased 

vulnerability during the second exposure (Gunderson et al., 2016). The latter scenario could 

happen even if the two stressors' response mechanisms are independent. Long time intervals are 

likely to result in additive effects because there have been no legacy effects from the previous 

stressor. At the community level, some species may be tolerant to both individual stressors, but 

when the time interval is short, the extra intensity of stresses resulting from two exposures could 

cause massive mortality or even local extinctions of species. It is also possible that the most 

sensitive individuals and species have been eliminated during the prior exposure, making the 

community more tolerant to a novel stressor (Vinebrooke et al., 2004). Thus, antagonistic effects 

would happen when having a short interval. Additive effects are expected to happen when the 

time interval is long because populations have grown and the community has fully recovered 

before the second exposure. These factors can cause uncertainties when predicting outcomes of 

future disturbances, nevertheless, the influence of different time intervals between stressors is 
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rarely explored, and the influence of prior exposure to a subsequent stressor has not been fully 

investigated. This has limited our understanding of how organismal, population, and community 

respond to sequential or asynchronously occurring stressors.  

It is also important to investigate the effects at different levels of biological organization as 

there can be inconsistency in responses across ecological scales (Simmons et al., 2021). 

According to a meta-analysis of meta-analyses, across various types of ecosystems, multiple-

stressor interactions can be additive or synergistic at the physiological level, additive, 

antagonistic, or synergistic at the individual or population level, and additive or antagonistic at 

the community level (Côté et al.,2016). Carrier-Belleau et al. (2021) used an experiment and 

Galic et al. (2018) applied simulation to examine joint effects of multiple stressors across scales 

and showed inconsistency in effects across levels of biological organization. If this mismatching 

in effects is common, regulations and interventions that developed based on individual-level data 

but aim to manage communities and ecosystems would need to be implemented with caution and 

Figure 1.1. The framework of how time intervals potentially influence the interaction between two stressors. 
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even adjusted. Yet, we lack knowledge of this problem. 

Elevated salinity has been recognized as a serious stress impacting freshwater systems 

(Nielsen et al., 2008). Freshwater salinization can be caused by human activities, such as 

agricultural, industrial, and residential runoff as well as the application of road salt (Cañedo-

Argüelles et al., 2016; Hintz & Relyea, 2019; Kaushal et al., 2017; Kornelsen & Coulibaly, 2014; 

Schulz et al., 2020). Road salt can get into lakes and streams with melting snow and ice during 

the spring season or could also be retained in the groundwater and soil and later released into 

freshwater bodies (Novotny et al., 2008; Pal et al., 2015; Rosenberry et al., 1999). These 

processes could cause fluctuations of salinity in lakes and streams. Increased salt concentration 

can impact freshwater organismal physiological conditions, growth, reproduction, and even 

survival (Bal et al., 2021; Jackson & Funk, 2019; Velasco et al., 2019). Research has also 

suggested that increased salinity can significantly affect communities (e.g., zooplankton; Hébert 

et al., 2022; Hintz et al., 2022; Schallenberg et al., 2003).  

Meanwhile, human activities have exacerbated climate changes that are also disturbing 

freshwater ecosystems. The disturbances go well beyond a gradual increase in the mean 

temperature to include extreme climatic events, such as heatwaves that have become more severe 

and frequent (IPCC, 2021). Various definitions of heatwave have been proposed in different 

studies and regions/countries (Vogel et al., 2020). For example, Russo et al. (2014) defined a 

heatwave as when the maximum daily temperature is above the daily 90th percentile temperature 

of a reference period for at least three consecutive days. Hutter et al. (2007) adopted the 
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definition that heatwave days are at least three consecutive days during which the daily maximum 

temperature is equal to or above 30℃. In the UK, the threshold is 28℃ in London, 27℃ in most 

southeast regions, and 26℃ in central regions (Met Office, 2019). Although there is no universal 

definition, heatwaves usually cause a rapid increase in temperature leaving limited or no time for 

adaptation (Woolway et al., 2021). During summer heatwaves, exposure to lethal temperatures 

can be detrimental to performance or even survival in some species (Chen & Folt, 2002; Pansch 

et al., 2018; Work & Gophen, 1999).  

Salinization and heat waves can occur simultaneously, sequentially, or asynchronously. 

Despite increasing concern about freshwater salinization and the increasing frequency of 

heatwaves, little is known about how they might interactively influence freshwater ecosystems. 

Their combined effects on physiological processes, populations, and communities have not been 

well-explored in freshwater organisms. To help fill this gap, I designed a series of experiments 

using zooplankton to investigate the interactive effects at different biological organization levels. 

Zooplankton are an important component of freshwater ecosystems because they play a central 

role in food chains, connecting the flow of energy and nutrients between primary producers and 

higher trophic levels (Lobry et al., 2008; Pinto-Coelho et al., 2005; Tang et al., 2010). This thesis 

consists of four experiments which were designed to answer the following research questions:  

• Mesocosm experiment (Chapter 2): (1) Is there an interactive effect of increased salinity and 

heatwave condition on freshwater zooplankton community structure and composition? and 
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(2) How does the interaction differ when they are applied at the same time (i.e., simultaneous) 

and decoupled in time (i.e., sequential)? 

• Mesocosm experiment (Chapter 3): (1) Do zooplankton communities recover after a pulse 

salinity stress? (2) How do different time intervals between salt and heatwave condition 

influence their combined effects? 

• Lab experiment (Chapter 4): (1) Does previous exposure to elevated salinity result in an 

evolved tolerance in Daphnia to high salinity? (2) Does the evolved salt tolerance impact the 

effect of subsequent heatwave conditions? 

• Lab experiment (Chapter 5): (1) How long would physiological responses to salt stress persist 

after the stressor is removed? (2) How do those responses affect resistance to a subsequent 

novel stressor - acute heat stress? 

  

                                                                        

                                                             

                

                     

                               
         

                          

                           
                           

              
        

            
             

                          

                           
               
                
                 

    

          
        

         

          
         
            

          

                              
                    

          

     

     

         
         
    
        
         

                       
          
         
               
                

Figure 1.2. Conceptual diagram of the project. 
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1.2 Literature Review 

Stressors impact different levels of biological organization. In this section, I will provide 

information on mechanisms organisms and communities use to respond to stressors, including 

phenotypic plasticity at the individual level, selection and adaptation at the population level, and 

species sorting at the community level. 

1.2.1 Organismal Responses to Stressors 

Organisms respond to disturbances through changes in physiology, morphology, behaviour, 

and life history traits such as growth, reproduction, and survival. These individual-level 

responses result in alterations in population density, population dynamics, and genetic structure. 

This section will cover the phenotypic and evolutionary changes induced by disturbances and 

their outcomes. 

1.2.1.1 Phenotypic plasticity 

Phenotypic plasticity is defined as the ability of a single genotype to produce various 

phenotypes in response to the changing environment (West-Eberhard, 2003; Yampolsky et al., 

2014). These phenotypes include physiological, morphological, behavioural, and life history 

traits. There are two broad categories of plasticity: developmental plasticity, which represents 

persistent phenotypic changes that are triggered by the parental gametic or early developmental 

environments, and reversible acclimation, which represents reversible and repeatable phenotypic 

changes that occur in response to environmental variation during the juvenile or adult stage 

(Beaman et al., 2016). An example of developmental plasticity is that Daphnia pulex could grow 
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a neck spine as a self-protection strategy under predation pressure by Chaoborus (Parejko & 

Dodson, 1991). An example of reversible acclimation is that some fish species increase the 

expression and activities of mitochondrial enzymes and/or mitochondrial density to enhance the 

oxidative capacity of skeletal muscle and maintain swimming performance, in response to 

seasonal cold temperatures (Guderley, 2004). 

Plasticity can buffer organisms from environmental changes, but it is constrained by 

plasticity capacity limits and comes with costs (Auld et al., 2010; Murren et al., 2015). The limits 

can be due to the mismatch between irreversible trait changes induced in the early life stage and 

later environmental changes (Auld et al., 2010). The imperfect ability to sense the environment 

and/or react accordingly can also place a limit on plasticity (Auld et al., 2010). Additionally, to 

generate and maintain plastic responses, an individual needs to invest additional resources and 

energy into specific physiological processes or organs, which may result in resource and energy 

deficiency in other functions (Auld et al., 2010; Murren et al., 2015).  

1.2.1.2 Selection at the population level 

The occurrence of a disturbance changes the relationship between phenotype and fitness 

(Wade and Kalisz, 1990). During selection, phenotypes that promote organismal survival and 

fecundity are favoured, causing an increase in the frequency of corresponding genes (Barton & 

Griggs, 2007; Thurman & Barrett, 2016). The preferred phenotype could be generated from pre-

existing genotypes or new mutations (Barrett & Schluter, 2008). Selection can also act on the 

phenotypic variance caused by inheritable epigenetic changes (i.e., changes in gene activity 
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without changing DNA sequence; Ashe et al. 2021). For instance, copper-induced DNA 

methylation was seen in Daphnia treated by copper and their three subsequent unexposed 

generations (Jeremias et al., 2022). Moreover, the selection may be beneficial or deleterious in 

the long term, depending on the variability of the environment. When the environmental 

condition changes gradually over several generations, selection in one generation can improve 

performance in subsequent generations (Beaman et al., 2016). However, when the condition 

fluctuates between generations, selection in one generation may not influence or can be 

maladaptive in future generations (Beaman et al., 2016). 

1.2.1.3 Adaptation 

A changing environment adds selection pressure on heritable phenotypes, favouring 

phenotypes that promote organismal fitness and enabling adaptation. For populations that are not 

able to disperse or be translocated to their optimal habitats, adaptation becomes an important 

mechanism that allows them to overcome disturbances (Hoffmann and Sgrò, 2011). An extreme 

situation is when the population is facing a rapid decline in abundance, if there are stress-resistant 

individuals, the abundance of adapted individuals may increase exponentially and rescue the 

population (i.e., evolutionary rescue; Bell & Gonzalez, 2009). In some cases, species adapt 

because individuals with a broader tolerance range, including higher tolerance to the new 

condition and higher fitness, are favoured, and through time this results in an expanded tolerance 

range of the population. For example, a wild fly (Drosophila subobscura) population that 

experiences natural temperature variation showed increased tolerance to coldness, compared with 
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a laboratory population, without losing their heat resistance (Sørensen et al., 2015). In other 

circumstances, individuals that adapted to the new environment may have lower fitness under 

undisturbed conditions, suggesting a trade-off (Stillman & Paganini, 2015).  

While adaptation can buffer organisms from some environmental variations, it cannot solve 

all the problems. Researchers predicted that rapid climatic changes could outpace and overwhelm 

the capacity of adaptation of some populations, resulting in local extinction (Atkins and Travis, 

2010; Jump and Peñuelas, 2005). Additionally, organisms are facing multiple stressors which 

also challenge their ability to adapt (Hof et al., 2011; Kelly et al., 2016). Adaptation to one 

stressor can lead to changes in genetic structure (Athrey et al., 2007; Ward & Robinson, 2005), 

which may reduce the population’s ability to deal with future selection pressures by novel 

stressors (e.g., due to antagonistic pleiotropy or genetic linkage; Brady et al., 2019). This topic 

will be further discussed in the later section about multiple-stressor interactions. Furthermore, 

maladaptation, rather than adaptation, sometimes occurs (Brady et al., 2019). Brady (2013) found 

that the wood frogs (Rana sylvatica) originally collected from a road salt-contaminated habitat 

showed lower survival under both undisturbed and salt treatment conditions, compared with frogs 

originally collected from undisturbed habitats. 

1.2.2 Community Responses to Stressors 

Environmental changes can induce species sorting through the mortality of sensitive 

individuals and the survival of tolerant ones, which are either pre-existing in the community or 

introduced through dispersal, leading to structural changes in the community (Urban et al., 2008). 
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Moreover, when facing a new condition, if tolerant taxa exist in the community, decreased 

abundance of previously dominant species may be compensated by increases in more adapted 

species (Gonzalez & Loreau, 2009). These stressor-induced changes could result from genetic 

changes within each species, shifts in species composition, or some combination thereof 

(Vellend, 2010, 2016; Wilson & Swenson, 2003). For example, in an experiment that 

investigated zooplankton responses to salt, the community composition shifted from dominance 

by pelagic cladoceran, nauplii, and rotifers towards dominance by littoral cladoceran after 250 

mg Cl-/L salt treatment was applied (Sinclair & Arnott, 2018).  

For an isolated community with limited dispersal probability, the stressor is likely to cause 

losses in genetic and species diversity by eliminating individuals that are sensitive to the 

changing environments (Ribeiro & Lopes, 2013; Rocha-Olivares et al., 2004). Dispersal from 

nearby habitats could benefit the local community if can introduce tolerant individuals without 

adding extra pressure (Urban et al., 2008). However, dispersal may not influence the local 

community response to stressors if all the communities are homogeneous, or dispersal could 

further compromise the local community if the introduced species prey on or compete with native 

ones (e.g., Sinclair & Arnott, 2018). 

1.2.3 Stressors Affecting Freshwater Systems 

Freshwater bodies, although only covering less than 1% of the world’s surface area, provide 

habitats for numerous organisms and essential ecosystem services for human well-being (Bandh 

et al., 2022; Macadam & Stockan, 2015). Investigating freshwater ecosystem responses to the 
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changing environment will provide critical insights for the management and conservation of these 

valuable resources.  

Freshwater systems are being influenced by stressors. Orr et al. (2020) defined stressors as 

natural or anthropogenic factors that result in changes in biological responses, irrespective of 

their direction (increase or decrease). Stressors can have impacts at different levels of biological 

organization, including physiology, behaviour, population growth, community composition, and 

ecosystem functioning (Lawson et al., 2015; Schmitz, 2013; Weis et al., 2001), and also influence 

ecosystem services provisioning (Tockner, 2021).  

Stressors differ in magnitude and temporal pattern and can be classified as press or pulse 

stressors (Fong et al., 2020; Harris et al., 2018). A press stressor usually has a long duration and 

mild intensity, while a pulse stressor has a shorter duration but higher intensity (Fong et al., 2020; 

Harris et al., 2018). A press stressor leaves time for organisms to acclimate and populations to 

adapt but may hinder recovery due to the long-term nature of the perturbation (Fong et al., 2020; 

Striebel et al., 2016). A pulse stressor, on the other hand, leaves limited time for acclimation, 

however, if the stressor is not critical enough to cause local extinction, post-disturbance recovery 

can be easily achieved (Fong et al., 2020; Striebel et al., 2016). These two types of stressors 

could result in distinct impacts. Striebel et al. (2016) showed that phytoplankton community 

biomass increased in response to 2-week warming, but a 7-day extreme heatwave treatment did 

not induce this positive effect and even negatively affected some of the communities. 
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Among all the freshwater habitats, small lakes and ponds are prevalent in number (Downing 

et al., 2006) and play important roles in geochemical cycling (Holgerson & Raymond, 2016). 

These systems are also disturbed by human activities (e.g., land-use change; Holgerson et al., 

2018) and climate changes (e.g., droughts; Ji et al., 2017; Sosnovsky and Quirós, 2009). Due to 

having shallow depth and small volume, small lakes and ponds can be more responsive to 

environmental changes and experience greater fluctuations in abiotic factors than larger, deeper 

water bodies. The amplified fluctuations could further impact organisms. However, compared 

with other freshwater systems, these water bodies are relatively under-represented in research 

(Downing et al., 2006; Downing, 2010). 

My studies focused on zooplankton which is a key component of aquatic food webs 

(Paquette et al. 2022). Zooplankton play a key role in connecting the energy and nutrient flow 

from primary producers to higher trophic levels by feeding on algae and serving as the main food 

source for many fish species (Lomartire et al., 2021). Zooplankton are sensitive to disturbances 

and changes in their communities can lead to consequences such as algal blooms and disturbed 

food webs (Goleski et al. 2010; Paquette et al. 2022). In two of my experiments, Daphnia 

pulicaria was used as a model organism. It was chosen for three reasons. First, it is a common 

species in the water bodies I studied. Second, Daphnia reproduces asexually under favorite 

conditions, so all individuals produced by a single female Daphnia are genetically identical (an 

iso-female line), allowing for the control of genetic variation (Ebert, 2022). Third, Daphnia have 
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large body sizes, relative to many other zooplankton species, are the main grazers of algae and 

food for fish, and thus are keystone genera (Ebert, 2022).  

1.2.3.1 Salinity stress 

Freshwater salinization, induced by human activities, is affecting freshwater habitats 

worldwide (Dugan et al., 2017a; Kaushal et al., 2018; Rimmer, 2003; Zuo et al., 2006). 

Anthropogenic sources include water extraction, residential, agricultural, and industrial runoff, as 

well as the application of road salt (Cañedo-Argüelles et al., 2016; Hintz & Relyea, 2019; 

Kornelsen & Coulibaly, 2014; Schulz et al., 2020). Salinity levels in water bodies not receiving 

contaminated runoff can be stable. But in water bodies directly or indirectly affected by human 

activities, salt concentration can fluctuate seasonally (e.g., Dugan et al., 2021).  

Road salt is a major source of rising salinity in regions experiencing cold winters. Road salt 

can get into lakes and streams with melting snow and ice as surface run-off and through storm 

sewer networks (Novotny et al., 2008). Salt may remain in the water body causing long-term 

salinity increases (Dugan et al., 2017a,b), or can get diluted by precipitation and inflows of 

freshwater, reducing the salinity level in the water body (Novotny et al., 2008; Rosenberry et al., 

1999). For example, field surveys on Sweeney Lake (MN, US) showed chloride concentration 

increased by about 50 mg/L from December 2006 to March 2007, followed by a 100 mg/L 

increase from March to May 2007, then declined by about 150 mg/L for the rest of summer 

(Novotny et al., 2008). Sometimes, salt does not directly enter into water bodies but get retained 

in the soil and groundwater (Oswald et al., 2019), and later released into lakes and ponds through 
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groundwater discharge, leading to temporal increases in salinity level, especially during dry 

periods in summer (Dugan et al., 2021; Kornelsen & Coulibaly, 2014; Nielsen et al., 2003; 

Salama et al., 1999). For instance, Tweed et al. (2009) found that the salinity level of Lake Colac 

(Australia) increased during several drought events because of increased net groundwater 

discharge. Furthermore, there are other hydrological (e.g., water level decline, Tweed et al., 

2009), climatic (e.g., summer evaporation, Nielsen & Brock, 2009), and human activity related 

(e.g., agricultural runoff, Liu et al., 2020) sources of freshwater salinization and salinity 

fluctuations which can be temporally variable and unpredictable. These changes in salinity levels 

can impact freshwater organisms. 

Chloride (Cl-) concentration is usually an indicator for salinity level as it is an anion in many 

salts and is not biologically transformed. Cl- concentration in many freshwater bodies has been 

increasing for decades (Dugan et al., 2017a; Herbert et al., 2015; Kaushal et al., 2018; Thorslund 

et al., 2021) and is likely to keep rising in the future (Dugan et al., 2017a). For osmoregulators 

(organisms that actively control their osmotic pressure), elevated Cl- concentration can affect the 

osmoregulation and water balance of aquatic organisms, increasing energy consumption (Castillo 

et al., 2018; Velasco et al., 2019). Na+/K+-ATPase plays a critical role in the regulation of cellular 

osmolarity, which is upregulated in response to elevated salinity (e.g., in rainbow trout, 

Oncorhynchus mykiss, Huang et al., 2020; in tadpoles, Fejervarya limnocharis, Wu et al., 2014). 

Higher oxygen consumption and metabolic rates would also be triggered by increased salt 

concentration, as extra energy is required to address the stress (Bal et al., 2021). Enhanced 
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metabolism can result in excessive reactive oxygen species (ROS) accumulation, causing damage 

to biomolecules, for example, lipid peroxidation (Bal et al., 2021; Masood et al., 2006).  

The extra energy expenditure for dealing with salinity stress can lead to energy deficiency, 

which further influences organismal growth rate, reproduction, and survival (Ghazy et al., 2009; 

Gonçalves et al., 2007). Gonçalves et al. (2007) found that high salinity levels adversely affect 

Daphnia longispina and Daphnia magna life history characteristics including the number of 

offspring, age at first reproduction, number of broods, somatic growth rate, and intrinsic rate of 

increase. Exposure to salinity stress can also reduce Daphnia swimming speed, making them 

more vulnerable to predators (Baillieul et al., 1998).  

Early research has shown that salinity tolerance varies across landscapes (Weider & Hebert, 

1987). A few experimental studies found that species could rapidly adapt to salinity stress and 

had better tolerance to subsequent elevated salinity exposures (e.g., Bell & Gonzalez, 2009; 

Coldsnow et al., 2017). The evolved tolerance could occur through enhanced osmoregulation 

abilities (Wersebe & Weider, 2022; Whitehead et al., 2011) and/or evolved antioxidant defence 

ability which protects cells from damage by ROS (Ding et al., 2019). 

At the community level, salt impairs total zooplankton richness, abundance, and biomass 

(Greco et al., 2021; McClymont et al. 2022; Schallenberg et al., 2003). Since freshwater 

organisms vary in their tolerance to salinity, salinity stress can shift zooplankton community 

species composition (Greco et al., 2021; Hébert et al. 2022; McClymont et al., 2022; Thompson 

and Shurin, 2012; van Meter and Swan, 2014). Van Meter and Swan (2014) found that the rotifer 
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family Brachionidae dominated the zooplankton community under the high salinity condition, 

while the community was dominated by ostracods, cladocerans, copepods, and different rotifer 

species when Cl- concentration was low. Hébert et al. (2022) demonstrated that salt stress 

changed zooplankton community composition by decreasing cladoceran and copepod abundance, 

but only had weak effects on functional diversity, due to functional redundancy among taxa. In 

some field experiments, phytoplankton biomass has been found to increase significantly in high 

salt treatments, owing to the decreased abundance of their consumers (Hintz et al., 2017; Hintz et 

al. 2022; van Meter and Swan, 2014). An exception was that, at one study site, Hintz et al. (2022) 

found a decline in phytoplankton biomass with the increase of Cl- concentration, potentially 

because the salt-tolerant phytoplankton was palatable to zooplankton grazers. 

1.2.3.2 Heatwave 

Another critical issue that the freshwater ecosystem faces is the increase in extreme 

heatwave events which will be strengthened by climate change (Stillman, 2019; Vogel et al., 

2020). According to the 2021 IPCC report, human-induced emissions of greenhouse gases, 

aerosols, and other short-lived climate forcers as well as land use changes have contributed 

substantially to the changing climate. As one of the consequences of climate change, the 

frequency and intensity of some extreme weather and climate events, particularly warm/hot 

extremes, are projected to keep increasing due to human activities (IPCC, 2021; Woolway et al., 

2021). Such extreme events could cause severe social, economic, and ecological impacts. 
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Despite the short duration of heatwaves, they can trigger physiological adjustments and 

responses in organisms because of their high magnitudes. Exposure to thermal extremes could 

cause changes in the types and levels of proteins present (e.g., heat shock protein), increase 

membrane fluidity, and reduce the function of mitochondrial membrane, which can induce proton 

leak, decrease the efficiency of energy conversion and generation, and lead to energy deficiency 

of organisms (Stillman, 2019). Metabolic rate increases during high-temperature conditions, 

which can result in the accumulation of ROS, damaging biomolecules (Klumpen et al., 2017). 

High temperatures can also directly cause structural damage to proteins (Stillman, 2019). Extra 

energy will be needed to repair these damages, which will reduce the energy available for growth, 

reproduction, and other critical functions (Stillman, 2019). Indeed, a study on cladoceran species 

found that with the increase in temperature, threshold food concentration for growth, that is, the 

minimum concentration of food required for cladoceran to grow, also increased (Achenbach & 

Lampert, 1997).  

During summer heatwave events, exposure to extreme temperatures can be detrimental to 

the performance or even survival of some species (Chen & Folt, 2002; Vad et al., 2022; Work & 

Gophen, 1999). For example, Chen and Folt (2002) found 100% death of copepod Epischura 

lacustris individuals after 4-day exposure at 30 ℃. At the community level, Stubbington et al. 

(2015) observed a reduction in alpha (α) diversity and total abundance in a river benthic 

invertebrate assemblage during a mid-summer heatwave. Empirical evidence on heatwave 

impacts on freshwater communities is limited, but an example is that Vad et al. (2022) reported a 
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strong negative effect of an experimental heatwave (+5 °C for 7 days) on alpine lake zooplankton 

biomass. 

1.2.4 Multiple-Stressor Problem 

Organisms are being influenced by multiple disturbances, and fluctuations in the magnitude 

of biotic and abiotic factors cause stressors to occur simultaneously or sequentially (Gunderson et 

al., 2016). Predicting the combined effect of multiple stressors can be difficult as it is sometimes 

different from the addition of individual effects (Côté et al., 2016). On top of that, species 

interactions make the situation even more complicated as they can ameliorate or worsen the 

effects, thus it may not be possible to deduce community-level outcomes based on individual or 

population-level responses (Thompson et al., 2018).  

There are mainly three different models used to define the interaction between stressors: 

additive model (the null effect, as the priori expectation of the combined effect, equals the sum of 

the effect of each individual stressor), comparative effects or dominance model (the null effect 

equals the individual effect of the stressor that caused the greatest impacts), and multiplicative 

model (the null effect equals the proportional effects of stressors1; Folt et al., 1999; Morris et al., 

2022). When both stressors cause negative effects, the null effect of multiplicative model is 

usually less than that of additive model, thus more conservative in detecting antagonism. There 

are several types of interaction between stressors including antagonism when the combined effect 

 
1Null effect of the multiplicative model (e.g., effect: decline in abundance) = 𝑅𝑐 ∗ (1 − [

𝑅𝑎

𝑅𝑐
×

𝑅𝑏

𝑅𝑐
]) (Rc=response in the control; 

Ra=response in stressor A treatment; Rb=response in stressor B treatment; e.g., response: total zooplankton abundance) 
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is less than the null effect, synergism when the combined effect is greater than the null effect, and 

reversal when the combined effect is in the opposite direction to the null effect (Folt et al., 1999; 

Jackson et al., 2016). An example of reversal is that Brittain and Strecker (2018) reported that 

their predicted combined effect of nitrogen and acid on zooplankton biomass was negative, but 

they observed a positive combined effect.  

In all my experiments, I used the additive model to determine interactive effects, which 

allows me to compare interaction types across experiments. I made this choice because the 

additive model is commonly used in multiple-stressor studies and the linear models I used for 

statistical analyses test against the additive model (Folt et al., 1999). Moreover, this type of null 

model is appropriate when the stressors affect organisms through different mechanisms (Folt et 

al., 1999; Morris et al., 2022), which was assumed to be the case for salinity and temperature 

stress (Velasco et al., 2019). Salinity stress mainly impacts osmoregulation, while heat stress 

affects protein structure and induces oxidative stress. An example of the additive model is that 

Todgham et al. (2005) found that while acute heat shock (2 h; +12 or +15 ℃) individually did not 

cause mortality in tidepool sculpins (Oligocottus maculosus) and high salinity resulted in 32% 

mortality, the sequential application of +12 ℃ and high salinity only caused 4% mortality, 

suggesting antagonistic interaction; but the sequential application of +15 ℃ and high salinity led 

to 87.7% mortality, indicating a synergistic interaction between stressors.  

Temporal fluctuation of stressors is a critical factor that can affect the combined effect; 

however, this has been greatly overlooked (Jackson et al., 2021). Most of the multiple-stressor 
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research has focused on synchronously occurring stressors, whereas stressors do not have to 

overlap in time to interact (Jackson et al., 2021). The legacy effect from a previous exposure 

could lead to a non-additive effect.  

At the community-level, depending on the species composition, as well as the correlation of 

species tolerance to stressors, exposure to stressor A could cause the community to be more 

vulnerable (i.e., stress-induced community sensitivity; SICS) or more resistant (i.e., stress-

induced community tolerance; SICT) to a subsequent stressor B (Blanck et al., 1988; Vinebrooke 

et al., 2004). If for most species in a community, the sensitivity to stressors A and B follow a 

negative correlation pattern, synergistic SICS is expected to take place; if the sensitivities to the 

two stressors are positively correlated, antagonistic SICT would be expected (Vinebrooke et al., 

2004). When stressors occur asynchronously, the time intervals between them are crucial since 

population and community recovery (towards undisturbed condition) can happen during that 

period through population growth (Zhao & Newman, 2006) and/or reappearance and dispersal of 

species (Mullineaux et al., 2020). It is also possible that communities will shift to a new state 

(different from the undisturbed condition; Hillebrand & Kunze 2020). Temporal fluctuations of 

stressors can result in different intervals that determine the level of changes in communities after 

exposure to a previous stressor and impact community resistance to a subsequent disturbance. 

However, the impact of the temporal fluctuation of stressors on multiple-stressor interactions has 

been rarely investigated in community studies (Jackson et al., 2021).  
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Adaptation to stressor A may alter the population’s tolerance to stressor B (e.g., Hintz et al., 

2019; Orr et al., 2022). Adaptation to one stressor could cause increased susceptibility to another 

stressor (Moe et al., 2013). If one gene is associated with multiple traits and at least one of these 

traits benefits the organism in an environment and at least one of these traits is deleterious in a 

new environment, evolved tolerance to a stressor may cost a reduction in tolerance to a new one 

(i.e., antagonistic pleiotropy; Anderson et al., 2013; Williams, 1957). Additionally, if the loci 

determining sensitivity to the two stressors are linked, the directional selection triggered by 

stressor A may induce erosion in genetic diversity, declining the probability of having individuals 

that are resistant to stressor B (i.e., multiple stressors differential tolerance hypothesis, Ribeiro & 

Lopes, 2013). Adaptation to a stressor may be beneficial to an organism’s response to a novel 

stressor if both of them induce the same defence response (Bubliy & Loeschcke, 2005). For 

instance, Marquis and colleagues (2009) stated that frog (Rana temporaria) populations that 

adapted to UV-B had improved tolerance to benzo[a]pyrene, which was associated with their 

evolved ability to prevent and/or repair DNA damage caused by UV-B. Knowledge of how 

adaptation to stressor A impacts resistance to stressor B is critical for predicting organismal 

responses to asynchronously occurring stressors. However, great variation (e.g., opposite effects) 

is seen within (Orr et al., 2022) and among species (Liu et al., 2019), and we lack a good 

understanding of these stressor interaction effects.  

For responses at the individual level, physiological responses play pivotal roles (Pallares et 

al., 2012; Pallares et al., 2017). When organisms respond to stressors A and B through similar 
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mechanisms, exposure to stressor A could prepare organisms to better handle the sequential 

stressor B, resulting in antagonism (i.e., cross-tolerance; Gunderson et al., 2016; Pallares et al., 

2017). While if the reacting mechanisms to the two stressors are independent of each other, the 

combined effect may be non-interactive, but can also be synergistic (i.e., cross-susceptibility) 

when exposure to stressor A results in reduced defence ability to stressor B (Pallares et al., 2017). 

For instance, chronic exposure to nitrate reduces fish (Thymallus thymallus) gill surface areas, 

which decreases oxygen uptake capacity and makes fish more vulnerable to hypoxic conditions 

(Rodgers et al., 2021). When different time intervals are given between stressors, different 

interactions between them may be seen, which is determined by the speed of physiological 

recovery and re-establishment of homeostasis (Gunderson et al., 2016; Todgham et al., 2005). In 

the experiments by Todgham and colleagues (2005), sculpins that had 8 hours or longer recovery 

time showed much higher survival, compared with the ones with shorter or no recovery time 

between heat shock and severe osmotic stress, as essential proteins were restored during the 

recovery time. While some efforts have been put to explore the interaction between sequentially 

occurring multiple stressors at the individual level, the influence of time intervals between 

stressors remains unclear. We need more studies to investigate whether and how long 

physiological responses persist after the removal of the stressor and how that affects the response 

to a subsequent novel stressor. 

Changing the order of stressors can lead to different stressor interactions. So far, most of the 

relevant studies are toxicology experiments. For example, amphipods (Gammarus pulex) had 
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different survival when exposed to the combination of diazinon and propiconazole in different 

orders with a 6-day recovery between exposures (Ashauer et al., 2017). The speed of recovery to 

propiconazole was faster than to diazinon and shorter than the recovery time, thus G. pulex had 

higher survival when exposed to propiconazole first than vice versa (Ashauer et al., 2017). 

Similarly, Meng et al. (2020) exposed mosquitoes (Culex pipiens) to a heat spike and 

chlorpyrifos, changed the order of exposures, and found that, although both scenarios resulted in 

synergistic effects, exposure order significantly changed the magnitude of the effect. Community-

level empirical evidence is rare, but MacLennan & Vinebrooke (2021) demonstrated that the 

exposure order may not matter when the species in a community are either sensitive or tolerant to 

both stressors but may have an impact when species sensitivities to stressors are uncorrelated or 

negatively related.  

1.2.4.1 Combined effects of salt and heat in previous research 

Fluctuating salinity levels and increasing frequency of heatwaves make high salinity and 

acute thermal stress likely to occur simultaneously, sequentially, or asynchronously. The 

combination of these stressors can impact all levels of biological organization, from individual 

physiology to community structure. 

According to the meta-analysis conducted by Velasco et al. (2019) on inland water bodies 

(inland saline, transitional and inland freshwater), the combination of high temperature and 

salinity, under the simultaneously occurring scenario, is more likely to cause non-interactive 

effects at the individual level, because they activate different physiological mechanisms. 
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However, several studies in their review dataset found synergism and antagonism between these 

two stressors, indicating that we still don’t have a clear understanding of the mechanistic 

relationship between heat and salinity stress (Velasco et al., 2019). Garreta-Lara et al. (2018) 

found additive effects of increased salinity and high temperature on metabolic responses of D. 

magna after 24-h exposure. While research on mayflies suggested that a 96-h acute exposure to 

warming and high salt concentration produced a synergistic effect on mortality (Jackson & Funk, 

2019). Stressor magnitude, response mechanisms, and exposure duration could all contribute to 

the variation in responses. Furthermore, adaptation to a stressor can alter the population’s 

tolerance to another stressor. A previous study found that local adaptation to high salinity 

improved heat tolerance in amphipod species by enhancing their antioxidant capacity and 

increasing glucose baseline levels (Vereshchagina et al., 2016). At the community level, 

Thompson and Shurin (2012) found that long-term (12 weeks) exposure to rising temperature and 

increased salinity at the same time can lead to an additive effect on community species 

composition, but a synergistic reduction in zooplankton biomass. Heatwave, as a pulse stressor, 

has not been frequently incorporated into community-level multiple-stressor experiments. As one 

example, Stefanidou et al. (2018) found that the previous exposure to extreme heatwave 

eliminated species that were tolerant to salt stress, which led to lower resistance against the 

subsequent salinity stress of the marine unicellular eukaryotic communities. The combination of 

increased salinity and heatwave, either occurring simultaneously or sequentially, has not been 
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thoroughly studied in freshwater systems, limiting our ability to predict, prepare and mitigate the 

outcomes of future disturbances.  

1.2.4.2 Theoretical framework of mechanisms  

When being exposed to chronic, elevated salinity stress, the organism will first respond to 

this stress through osmoregulation mechanisms, and reduced fitness or even mortality will be 

caused if the salinity level exceeds the tolerance limits (Velasco et al., 2019). Since organismal 

salinity tolerance can vary within a population (Arnott et al., 2022; Ghazy et al., 2009), the 

mortality of sensitive individuals and an increase in the abundance of tolerant individuals may 

initiate an evolutionary change at the population level. If the population fails to adapt to the 

salinity stress, local extinction of species can happen. A shift in community composition may be 

induced if the decrease in sensitive species abundance is compensated by increases in tolerant 

species. Community function may even be lost if key species are eliminated (Sodré et al., 2017).  

The combined effect of salt and heatwave at the individual level depends on their 

physiological condition. If physiological responses to salt stress persist, organisms may 

experience energy deficiency when being exposed to a later heat treatment, leading to reduced 

resistance and an interactive effect. If enough recovery time is provided between the stressors, 

salt-induced responses may come back to steady state values and the two stressors would not 

interact. At the population level, the remaining individuals after salt treatment are the salt-tolerant 

ones. Adaptation to salt may not have any impact on their resistance to heat stress as the main 

responses to the two stressors are different, whereas it could also be beneficial because both 
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stressors can cause ROS accumulation and thus enhance antioxidant capacity. The community-

level outcome results from the accumulation of individual and population-level responses and 

species interactions. Removal of sensitive species by salt could lead to composition changes and 

impact the community’s resistance to heat. When time intervals are given between the stressors, 

if not eradicated by the first stressor, fast-growing species could potentially recover and rescue 

the community. 

These mechanisms are summarized in the figure below: 

 

  

Figure 1.3. Summary of mechanisms. 
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Chapter 2. Interactive Effects of Increased Salinity and Heatwaves on Freshwater 

Zooplankton Communities in Simultaneous and Sequential Treatments 
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2.1 Abstract 

1. Elevated lake chloride concentration has been observed in many regions, due to human 

activities such as mining, agriculture, and urbanisation. Meanwhile, lakes are also experiencing 

increasing frequency and intensity of heatwaves. The combination of elevated salinity and 

heatwaves has not been thoroughly studied in freshwater communities, limiting our ability to 

predict outcomes of future disturbances. 

2. We conducted a mesocosm experiment to investigate the individual and interactive effects 

of increased salinity and heatwaves on a freshwater zooplankton community. The combined 

effects of the two stressors were examined in two scenarios: when they occurred simultaneously 

and when a heatwave was preceded by an 8-week increase in salinity. We expected to see a 

synergistic effect when the two stressors were applied simultaneously, as organisms might 

experience energy deficiency due to physiological changes caused by salinity stress and be 

overwhelmed by the heat treatment. When the two stressors were applied sequentially, we 

expected them to act independently as the two stressors trigger different physiological responses 

and physiological homeostasis may have already recovered from previous salt exposure and not 

influence an organism's response to a subsequent stressor. 

3. Individually, increased salinity and heatwave conditions both impaired zooplankton 

communities with largest effects on copepod nauplii and cladocerans. Together, these stressors 

caused antagonistic effects on total zooplankton abundance and biomass in both the simultaneous 

and sequential scenarios, with the combined effects being similar to the salt-only effects. 
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4. Our experiment illustrates the potential for heatwaves to have hidden effects when they 

occur in lakes experiencing salinisation. The findings suggested that the two stressors negatively 

impacted some zooplankton taxonomic groups, and at the community level, they acted 

antagonistically such that the occurrence of a 3-day heatwave did not cause any additional loss of 

abundance or biomass regardless of whether the community was exposed to the sequential or 

simultaneous scenario. Our findings also illustrated that even when the two stressors were 

decoupled in time, the community could still be influenced by a previous stressor. 

2.2 Introduction 

In nature, ecosystems are usually exposed to multiple stressors (Ashauer et al., 2017; Birk et 

al., 2020). Biotic and abiotic factors fluctuate through time in aquatic environments, sometimes 

passing reference or threshold conditions and independently or interactively disturbing organisms 

and ecosystems (Gunderson et al., 2016). Understanding interactions between multiple stressors 

can be challenging when there are non-additive effects, that is, the combined effects cannot be 

predicted based on the effect of each single stressor (Vinebrooke et al., 2004). Characterising 

stressor interactions is important for developing and prioritising intervention strategies for 

conservation and management (Côté et al., 2016). 

Although there has been increased interest in multiple-stressor issues (Côté et al., 2016; 

Jackson et al., 2016), past research has primarily focused on the combined effects of 

simultaneously occurring stressors (Orr et al., 2020). However, the peak magnitude of different 

stressors may occur at the same or different times, which can cause simultaneous or sequential 
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(i.e., when stressors are decoupled in time) exposure to stressors (Gunderson et al., 2016). Few 

studies have examined how stressors interact when they are applied sequentially (Gunderson et 

al., 2016; Orr et al., 2020), and those few past studies that have, have tended to focus on 

individual-or population-level impacts (but see Jurgens et al., 2017; Stefanidou et al., 2018). 

When stressors occur consecutively, physiological homeostasis may recover after the removal of 

the prior stressor, leading to an additive effect (Gunderson et al., 2016; Velasco et al., 2019). It 

has also been seen in other studies that an individual organism previously exposed to a stressor 

had increased (i.e., cross-tolerance) or decreased (i.e., cross-susceptibility) tolerance to the 

second novel stressor, depending on its physiological and behavioural responses to the stressors 

and speed of recovery (Brooks & Crowe, 2019; Chen & Stillman, 2012; Hintz & Relyea, 2017; 

Leite et al., 2019; Pallares et al., 2017; Todgham & Stillman, 2013). But stressor interaction types 

are likely to vary among different levels of biological organisation due to species interaction, thus 

community-level response could not be simply predicted based on the sum of population-level 

responses (Crain et al., 2008; Jackson et al., 2016; Jackson et al., 2021; Thompson et al., 2018). 

This knowledge gap has limited our ability to predict and mitigate the outcomes of future 

disturbances. 

Freshwater lakes are experiencing elevated salinity because of residential, agricultural, and 

industrial runoff (Cañedo-Argüelles et al., 2016; Kaushal et al., 2018; Kornelsen & Coulibaly, 

2014), and the application of road de-icing salts (Hintz & Relyea, 2019; Novotny & Stefan, 

2010). Salt can infiltrate soil and groundwater, enter surface waterbodies, and increase summer 
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chloride concentrations (Gell et al., 2007; Jolly et al., 2008; Lawson & Jackson, 2021; Williams, 

1999). Moreover, elevated salinity may also be associated with melt events during winter and 

spring that flush road salt into neighbouring waterbodies (Corsi et al., 2010; Müller & Gächter, 

2012; Oswald et al., 2019), leading to seasonal variation of salt concentrations in some lakes 

(Dugan et al., 2017a; Dugan et al., 2017b). As a result of a warming climate, changes in the 

pattern of precipitation and rate of evaporation can lead to temporary fluctuations in salinity level 

in inland water bodies (Nielsen et al., 2003; Rahel & Olden, 2008). Such fluctuation can be 

amplified in small lakes and ponds as they have less volume (Borghini & Bargagli, 2004). 

Chloride (Cl-) concentration is often used as a signal for salinity because it is not 

biologically transformed and is an anion associated with many salts. It is predicted that Cl− 

concentration in many freshwater lakes will continue increasing in the next few decades and may 

exceed critical thresholds for aquatic life (Dugan et al., 2020). Salinity stress adversely affects the 

osmoregulation function, metabolism, and water balance of aquatic organisms, increasing energy 

consumption and decreasing their growth rate, reproduction, and survival (Castillo et al., 2018; 

Velasco et al., 2019). Consequently, increases in salinity can cause declines of freshwater 

zooplankton abundance and biomass, as well as significant shifts in community composition 

(Hintz & Relyea, 2019; Thompson & Shurin, 2012; van Meter et al., 2011; van Meter & Swan, 

2014). 

Meanwhile, climate change has resulted in increasing frequency of extreme heatwaves 

(Seneviratne et al., 2012; Zhang et al., 2019), and future heatwaves will be likely to have greater 
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intensity (Stillman, 2019; Woolway et al., 2021). According to Woolway et al. (2021), in the 

low-greenhouse-gas-emission (representative concentration pathway [RCP] 2.6) scenario, 

average lake heatwave intensity will increase from 3.7 ± 0.1°C (the 1970 to 1999 baseline) to 4.0 

± 0.2°C, and to 5.4 ± 0.8°C in the high-greenhouse-gas-emission scenario (RCP 8.5). Heatwaves 

usually occur briefly during spring and summer and leave limited or no time for organisms to 

acclimate (Stillman, 2019). Regardless of their short duration, heatwaves can be detrimental to 

performance or even survival in some species (Chen & Folt, 2002; Pansch et al., 2018; Work & 

Gophen, 1999). Exposure to thermal extremes could cause changes in the types and levels of 

proteins present (e.g., heat shock protein), increase membrane fluidity, and reduce the function of 

mitochondrial membranes, which can induce proton leak, decrease the efficiency of energy 

conversion and generation, and lead to energy deficiency (Stillman, 2019). Chen and Folt (2002) 

found 100% death of copepod Epischura lacustris after 4-day exposure at 30 °C. In addition, 

short-term exposure of 5 °C above ambient water temperature reduced species richness and 

shifted community composition in marine benthic macroinvertebrates (Pansch et al., 2018). 

There is increasing concern about lake salinization and the increasing frequency of 

heatwaves. Fluctuating salinity levels and heatwaves could occur independently, simultaneously, 

or sequentially. Given the high sensitivity of small lakes and ponds to climatic changes (Quayle 

et al., 2002), they are likely to experience the combination of salinity stress and heatwaves and 

are vulnerable to them. The abundance of small lakes and ponds among global lakes (Downing et 

al., 2006) makes it more necessary than ever to investigate the interaction between these two 
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stressors. However, little is known about how elevated salinity and extreme heatwaves might 

interactively influence freshwater communities (Velasco et al., 2019). So far, most temperature 

and salinity related multiple-stressor studies focused on long-term exposure to mild warming 

(i.e., as a press stressor). For instance, Thompson and Shurin (2012) found that simultaneous 

exposure to warming (2.5 °C above ambient temperature) and increased salinity over multiple 

weeks caused additive effects on zooplankton community composition and a synergistic 

reduction in biomass. Limited attention was given to the interaction between salinity and acute, 

more extreme thermal stress (i.e., as a pulse stressor), even though a short-term stressor could 

also affect community structure and interact with another stressor. A sequential multiple-stressor 

study applied a heatwave (6 °C above ambient temperature for 3 days) as a prior exposure and 

found that it eliminated salt-tolerant species, leading to lower resistance against the subsequent 

salinity stress of marine unicellular eukaryotic communities (Stefanidou et al., 2018). Studies 

have also demonstrated that press and pulse stressors can disparately influence populations and 

communities through different trajectories and cause community composition to shift at different 

speeds (Fong et al., 2020; Hanley et al., 2017), which further emphasises the importance of filling 

this knowledge gap. 

We examined community response to elevated salinity, heatwave conditions, and their 

combination using freshwater zooplankton because they play a central role in lake food webs, 

controlling phytoplankton abundance and providing food for higher trophic-level consumers 

(Pinto-Coelho et al., 2005; Tang et al., 2010). Specifically, we asked: (1) Is there an interactive 
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effect of increased salinity and heatwave conditions on freshwater zooplankton communities? and 

(2) How does the interaction differ when they are applied at the same time (i.e., simultaneous) 

versus decoupled in time (i.e., sequential)? We hypothesised that applying a heat treatment while 

the zooplankton community was still exposed to elevated salinity would cause synergistic effects, 

as remaining organisms might experience energy deficiency due to physiological changes caused 

by long-term salinity stress and be overwhelmed by the addition of heat treatment. We also 

hypothesised that when the heat treatment was applied after the removal of the first stressors, 

assuming salinity did not cause eradication of heat tolerant species, they will act independently, 

as these two stressors would trigger different physiological responses in remaining individuals 

and physiological homeostasis might have already recovered after the termination of previous salt 

exposure and would not influence responses to a subsequent stressor. 

2.3 Methodology 

2.3.1 Field Experiment 

During summer 2019, we conducted an outdoor mesocosm experiment at Queen's 

University Biological Station (Ontario, Canada; 44.568, −76.324). We established two Cl− 

concentrations: 6 mg Cl−/L (no salt addition, ambient lake water concentration) and 350 mg 

Cl−/L, representing a common summer Cl− concentration in or near urban areas in Ontario 

(Lawson & Jackson, 2021). We added 103.2 g of laboratory-grade sodium chloride (NaCl) into 

mesocosms to achieve the high salinity treatment. Exposure time for the salt treatment was 8 

weeks because salt can remain in lentic habitats for long periods forming a press stressor and our 
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time span is long enough for the zooplankton community to respond (McClymont et al., 2022). 

While we aimed to increase water temperature by 4 °C, we eventually simulated heatwave 

events by increasing water temperature 5.2 ± 0.4 °C above ambient water temperature (average 

ambient water temperature was about 21.0 °C) for 3 days (Appendix A - Figure A1), using two 

50-W or one 100-W aquarium heaters (Pawfly HT-2100, Guangdong, China; Aqueon 6101/6100, 

Phoenix, USA) for each heated mesocosm. It took an additional 12 hr for the water temperature 

to reach the desired level. So far there is no universally accepted definition of heatwave 

conditions (Raha & Ghosh, 2020), and we chose 3 consecutive days as our heatwave exposure 

time as it is a common duration of heatwaves in meteorology studies (e.g., Korea in Lee et al., 

2016; USA in Robinson, 2001; Europe in Schoetter et al., 2015). 

We filled 42 tanks with 180 L of water from nearby Lake Opinicon that was filtered through 

a 50-μm mesh to remove larger invertebrates and zooplankton but not smaller phytoplankton. We 

allowed phytoplankton to grow for 1 week before adding zooplankton. To create a diverse 

community, zooplankton were collected from six lakes: South Otter, Big Salmon, Round, 

Lindsay, Doe, and Opinicon (Appendix A - Table A1), using a 50-μm mesh net, pooled, and 

evenly distributed among mesocosms. Each mesocosm was covered with a 1-mm mesh screen to 

prevent colonisation by aerial insects. Initial zooplankton and chlorophyll-a samples were 

collected before adding salt. 

We used a two-factor experiment with two salinity (low salt, high salt) and heat (ambient, 

heat) levels for both simultaneous and sequential application of stressors. To ensure that heat-
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treated mesocosms reached the same temperature, all heat treatments were conducted at the same 

time. Therefore, the salt treatment for the simultaneous scenario began 3 days later than the 

sequential scenario to meet the 8-week exposure time. For the sequential scenario, we transferred 

zooplankton from high to low salt conditions. Because the transfer could influence zooplankton 

abundance, we transferred zooplankton from every tank (including controls) into new tanks 

where the treatment was maintained or newly created. As described below, this resulted in five 

treatments and one control group (Figure 2.1), each with 7 replicates.  

The five treatments comprised a Control (low salt, ambient temperature) where zooplankton 

communities were in lake water with no treatment applied; H (heatwave temperature only); SimS 

(high salt, ambient temperature) comprising a salt only treatment in a simultaneous scenario; 

SeqS (high salt, ambient temperature) a salt only treatment in a sequential scenario; SimSH (high 

salt, heatwave temperature) two simultaneous stressors; SeqSH (high salt, heatwave temperature) 

Figure 2.1. Experimental design. Black solid lines represent increased salinity treatment period; red curves represent 

acute thermal stress treatment period; and dashed lines represent control (low salt) condition. 
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heatwave conditions occurred immediately after the termination of the salinity stress. In the H 

treatment, zooplankton were exposed to control conditions for 8 weeks then heated conditions for 

3 days (heatwave). This treatment was used in both sequential and simultaneous scenarios. In the 

SimS treatment, zooplankton were first put in lake water for 3 days, followed by an 8-week 

exposure to high salinity stress, starting on day 3. In the SeqS treatment, zooplankton were first 

exposed to high salinity from day 0 for 8 weeks, then transferred to no-salt lake water for 3 days. 

In the SimSH treatment, zooplankton were first put in control conditions for 3 days, then exposed 

to high salinity from day 3 for 8 weeks. During the last 3 days of salt treatment, communities 

were exposed to high temperature at the same time. In the SeqSH treatment, zooplankton were 

first exposed to high salinity from day 0 for 8 weeks, then transferred to low salinity lake water 

and heated for 3 days. 

To compensate for the loss of nutrients to sediments and periphyton, starting from week 4, 

we added 171.812 mg NH4NO3 and 9.071 mg KH2PO4 to all mesocosms every 2 weeks 

(Downing et al., 2008). At week 5, we added five banded mystery snails (Viviparus georgianus) 

to each mesocosm to reduce periphyton growth on mesocosm walls. 

Dissolved oxygen (DO) was measured weekly using a YSI Pro20 dissolved oxygen meter 

(Yellow Springs Instruments, Yellow Springs, USA) at about 0.2 m below water surface. Specific 

conductance of all mesocosms were measured weekly using WTW inoLab® Cond 7110 

conductivity meter (Weilheim, Germany). Figures of weekly DO and specific conductance data 

can be found in Appendix A (Figures A2 & A3). Water temperature was measured hourly using 



41 

 

temperature loggers (HOBO® Pendant®, Bourne, USA). Weekly chlorophyll-a samples were 

collected as a 500-ml grab sample taken about 0.1 m below water surface from each mesocosm. 

The sample was filtered through a G4 glass-fibre filter (Fisher Scientific™), frozen, extracted in 

methanol, and then analyzed using a TD-700 fluorometer (Turner Designs). Every week, 

zooplankton samples were collected using an 8-cm diameter, 2-L tube sampler that can capture 

most of the depth of the mesocosm. Samples were collected from five locations in each 

mesocosm to generate a total sample of 10 L, and then passed through a 50-μm filter and 

preserved in at least 75% ethanol. 

2.3.2 Laboratory Sample Counting 

All zooplankton were identified using a Leica M165 C dissecting scope and a Leica DME 

compound microscope (Wetzlar, Germany). For identification and counting, each zooplankton 

sample was first diluted to 100 ml. A series of 3-ml subsamples were then counted until no new 

species was found in three subsamples in a row. For each subsample, all individuals were 

counted, and their body-length was measured. A minimum of five subsamples was processed for 

each mesocosm. Cladocerans and copepods were identified to species, except for Daphnia 

pulex/pulicaria, Bosmina freyi/liederi, Alona spp., and immature copepods (cyclopoid or calanoid 

nauplii, cyclopoid or calanoid copepodid). Rotifers were identified to genus or family. Biomass 

was calculated based on measured lengths of individuals and published weight-length 

relationships for each species (Appendix A - Table A2). Although zooplankton samples were 

collected weekly, only samples collected before adding any treatment (initial samples), at the end 
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of week 8, and at the end of the experiment were identified and counted. Initial zooplankton 

communities did not differ across treatment groups (Appendix A - Table A3). 

2.3.3 Data Analysis 

All statistical analyses were performed in R 3.6.1 (R Core Team, 2019) using the car 

(version 3.0-10; Fox et al., 2020), vegan (version 2.5-6; Oksanen et al., 2019), multcomp (version 

1.4-15; Hothorn et al., 2020), and indicspecies (version 1.7.9; De Cáceres et al., 2020) packages. 

We examined treatment effects based on zooplankton abundance (individuals/L), biomass 

(mg/L), and richness (excluding nauplii and copepodids) data of zooplankton communities as 

well as the four taxonomic groups (copepodid and adult copepod, copepod nauplii, rotifer, and 

cladoceran) collected on the final day of sampling. Nauplii were analysed separately from adult 

copepods and copepodid because nauplii have different morphological features and are much 

smaller in body size. Community responses were analysed with generalised linear models using a 

Gaussian (identity or log link function) or Gamma (identity link function) distribution (Table 

2.1). The best-fit distributions and link functions were determined based on the Akaike 

information criterion scores. The first step was to use AIC scores to select the distribution (the 

one with lowest AIC score was chosen). Then, we selected the link function. Using the 

distribution identified in the first step, we established models using different link functions and 

obtained the AIC score for each model. The primary criterion was still the AIC score, but when 

multiple models had similar (within 2 units of AIC score), low AIC scores, the model that used 

the identity link (or the canonical link if identity link does not apply) was chosen. Responses of 
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each taxonomic group were analysed with linear models and a false discovery rate (FDR) 

correction was applied to the p-values of these tests. We only reported significant effects of linear 

models if they were still significant after the correction. Levene's and Shapiro–Wilk tests were 

used to test for assumptions of normality and equal variances among treatments. Regression 

diagnostic plots were also visually checked to ensure the model fit the data well. Data were log 

transformed when needed. Data were analysed for sequential and simultaneous scenarios 

separately because we did not have a full factorial design when including timing scenarios. For 

both scenarios, the model predictors included a categorical variable representing the two salinity 

levels (fresh or salt), a categorical variable representing the two temperature treatments (ambient 

or heat), and a term for their interaction. Post hoc analysis for all models with significant 

interactive effects was performed using Tukey's honest significant difference. When generalised 

linear modelling found an interactive effect, the type of interaction was determined by comparing 

the effect size of the combined treatment (Ec) with a predicted additive effect (Ea). We calculated 

the Cohen's d using mean and standard deviation of community data as the effect size of each 

treatment (Cohen, 1988). The additive effect was obtained by summing the effect size of each 

individual stressor. If Ec is greater than Ea, a synergistic effect is observed; and if Ec is less than 

Ea, an antagonistic effect is found. 

Table 2.1. Summary of the distributions and link functions used in GLMs for total zooplankton 

abundance, biomass, and richness. 

 Abundance Biomass Richness 

Scenarios Distribution 
Link 

function 
Distribution 

Link 

function 
Distribution 

Link 

function 
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Simultaneous Gaussian Identity Gamma Identity Gaussian Identity 

Sequential Gaussian Log Gamma Identity Gaussian Identity 

 

Shifts in zooplankton community composition due to our treatments were assessed using 

permutational multivariate analysis of variance (PERMANOVA; employing 999 permutations; 

Anderson, 2001). The response variable was the distance matrix calculated based on the Bray–

Curtis-transformed community matrix of zooplankton abundance for all experimental replicates. 

To further investigate changes in community composition, indicator species analysis (ISA) was 

used to determine species that were relatively abundant in and represented the communities of 

each treatment as well as all the possible combinations of treatments (De Cáceres et al., 2010). 

ISA measures the association between the species and a group of mesocosms by calculating the 

index (i.e., IndVal index) between the two and finding the highest association value (De Cáceres 

et al., 2010). Rare species that occurred in less than 3 mesocosms were removed prior to 

multivariate analyses. To visually present the results of PERMANOVA and ISA, principal 

coordinates analyses (PCoA) were performed on the Bray-Curtis-transformed abundance data of 

all the species (except rare species). However, for clarity of the figures, only indicator species 

identified by ISA are shown in the biplots. 

2.4 Results 

Here we present the combined effects first, followed by individual effects of elevated 

salinity and heatwave conditions, as individual effects in statistical analyses cannot be interpreted 



45 

 

without knowing the interaction between factors. 

2.4.1 Interactive Effects (Salt and Heat) — Simultaneous Scenario 

The combined effect of salt and heat was less than the sum of the individual effects (i.e., an 

antagonistic effect) on total zooplankton abundance and biomass (Figure 2.2, Appendix A - 

Tables A5 & A6). No significant interaction was found on richness. The total abundance and 

biomass of the simultaneously combined treatment were significantly lower than those of control 

group, but, not significantly different from either single-stressor treatment (Figure 2.2a,b). There 

was a 65.1% reduction in total abundance and a 72.2% reduction in biomass in the combined 

treatment compared with the control (Appendix A - Table A5). No interactive effect was found 

for any taxonomic group or for zooplankton community composition (Appendix A - Tables A7-

A9). The combined treatment and control groups were represented on opposite sides of PCoA 

plot, and there was large overlap in site scores (representing individual mesocosms) between the 

combined and salt-only treatments (Figure 2.3a). ISA indicated that, while the control contained a 

diverse assembly of species, the combined treatment was dominated by Anuraeopsis sp., 
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Chydorus sphaericus and Mesocyclops edax (Figure 2.3a; Appendix A - Table A10).  

 

Figure 2.2. Boxplots of total zooplankton abundance (a and d), biomass (b and e) and richness (c and f) in 

simultaneous and sequential scenarios. Bold horizontal lines represent mean values. White boxes represent 

ambient/not heated condition and grey boxes represent heated condition. Significant treatments are presented at the 

up-right corner of each figure (H: heat; S: salt; H&S: Combined treatment; p < 0.001: ***; 0.001 ≤ p < 0.01: **; 0.01 

≤ p ≤ 0.05: *). On abundance and biomass plots, boxes with different letters are significantly different from each 

other in Tukey post hoc test and comparisons are within each figure only (fresh = no salt addition; salt = with salt 

addition) 
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Figure 2.3. Principal coordinates analysis biplots of all the species (only indicator species are shown) in 

simultaneous (a) and sequential (b) scenarios. Each point represents a mesocosm community. Different 

colour indicates different treatment. Bray–Curtis-transformed abundance data were used for the analyses. 
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2.4.2 Interactive Effects (Salt and Heat) — Sequential Scenario 

Similar to the simultaneous scenario, in the sequential treatment, we found an antagonistic 

interaction between salt and heat on total zooplankton abundance and biomass, but not on 

richness (Figure 2.2, Appendix A - Tables A5 & A6). The total abundance and biomass of the 

treatment with sequentially occurring salt and heat were significantly lower than those of the 

control, whereas, not significantly different from the treatment with salt only (Figure 2.2, 

Appendix A - Table A5). Biomass of the combined treatment was significantly lower than the 

heat-only treatment (Figure 2.2e), but abundance did not differ (Figure 2.2d). Total abundance 

was 53.7% and biomass was 77.8% lower in the combined treatment than control (Appendix A - 

Table A5). Heat, as a single stressor, did not have an effect on cladoceran richness and when 

combined with salt, it seems to be lower than the control and salt-only treatment, but the 

interaction was not significant after FDR correction. Interactions were not found for other 

taxonomic groups or variables (Appendix A - Tables A7 & A8). PERMANOVA results revealed 

an interactive effect between the two stressors on the community composition (p = 0.017; 

Appendix A - Table A9). The sequentially applied two-stressor treatment was dominated by 

rotifers and copepods (Figure 2.3b) and Anuraeopsis sp. and Monostyla sp. were the indicator 

species (Appendix A - Table A10). 

2.4.3 Effects of Increased Salinity — Simultaneous Scenario 

Increased salt concentration significantly decreased total zooplankton abundance (58.4% 

decline), biomass (72.2% decline), and richness (28.6% decline; Figure 2.2, Appendix A - Table 
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A5 & A6). No significant effect was found on copepod or rotifer abundance or biomass. 

However, the biomass of nauplii and cladocerans were significantly reduced by 71.4% and 76.5% 

respectively, in salt treatments compared to no salt treatments (Figure 2.4a, Appendix A - Table 

A7 & A8), and abundance had a similar pattern (Figure A4). No effect of salt was found for 

copepod or rotifer richness, but cladoceran richness was reduced by 64.3% (Appendix A - Figure 

A5, Table A7 & A8). Zooplankton community composition of the salt-only treatment was 

significantly different from that of the control (PERMANOVA, p = 0.001) but similar with the 

two-stressor treatment (Figure 2.3a). Anuraeopsis sp. and Mesocyclops edax were found to 

represent salt-only treatment zooplankton communities (Figure 2.3a; Appendix A - Table A10).  

2.4.4 Effects of Increased Salinity — Sequential Scenario 

We found a significant reduction in total zooplankton abundance, biomass, and richness 

when salt was added to mesocosms (Figure 2.2, Appendix A - Tables A5 & A6). The responses 

of taxonomic groups were similar to simultaneous scenario, except that rotifer biomass increased 

by 57.1% in salt treatments compared to no salt treatments (Figure 2.4b, Appendix A - Table 

A7). The community composition of the salt-only treatment was significantly different from that 

of control (PERMANOVA, p = 0.001) but was similar to the two-stressor treatment. Anuraeopsis 

sp., Polyarthra sp., Diacyclops thomasi, Daphnia ambigua, and Chydorus sphaericus were 

identified as indicator species of salt-only treatment zooplankton communities (Figure 2.3b, 

Appendix A - Table A10). 
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2.4.5 Effect of Heatwaves 

Although simultaneous and sequential scenarios were analysed separately, the same heat-

only treatment data was used in the model of these two scenarios. The effect of increasing water 

temperature from about 21.0 °C to 26.2 °C on total abundance was similar in magnitude to the 

effect of salt on total abundance (51.7% decline compared to control) but was not as severe for 

biomass (50.0% decline; Figure 2.2, Appendix A - Tables A5 & A6). Heating had a smaller main 

effect than salt on richness, causing a decline of 3.5% (i.e., 0.4 species on average) and 14.2% 

(i.e., 1.8 species on average), compared to no-heat treatments, in simultaneous and sequential 

Figure 2.4. Boxplots of zooplankton biomass of each taxonomic group (left to right: Copepodid & adult copepod, 

nauplii, rotifer, and cladoceran) in simultaneous (a) and sequential (b) scenarios. Bold horizontal lines represent mean 

values. White boxes represent ambient/not heated condition and grey boxes represent heated condition. Significant 

treatments (after FDR correction) are presented at the up-right corner of each figure. 
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scenario respectively (Appendix A - Tables A5 & A6). For copepods, we only found a significant 

reduction in abundance in sequential scenario model (Appendix A - Table A8). Rotifer 

abundance and biomass decreased only in the simultaneous scenario, but the results were not 

significant after FDR correction (Appendix A - Tables A7 & A8). Nauplii abundance and 

biomass significantly decreased by 64.4% and 50.0% respectively in the simultaneous scenario, 

with similar results in the sequential scenario (Figure 2.4, Appendix A - Tables A7 & A8, Figure 

A4). We also found significant declines in cladoceran abundance and biomass only in the 

sequential scenario (Figure 2.4, Appendix A - Table A8). There was a significant difference 

between zooplankton community composition of heat-only treatment and control (p ≤ 0.02, 

Figure 2.3, Appendix A - Table A9). Chydorus sphaericus, Daphnia ambigua, Daphnia 

pulicaria, and Scapholeberis mucronata were identified as indicator species of heat-only 

treatment in both scenarios, and Keratella sp. was only for the simultaneous scenario (Appendix 

A - Table A10). 

2.4.6 Chlorophyll-a 

Chlorophyll-a concentration increased through time in control and all treatments, while salt 

treatments tended to have higher concentrations than no-salt treatments (Appendix A - Figure 

A6). We did not observe any effect of the heat treatment (Figure A6). 

2.5 Discussion 

We found an antagonistic interaction between salt and heat for total abundance and biomass 

in both simultaneous and sequential scenarios, with the combined effect being similar to the salt-
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only effect. As single stressors, salt and heat reduced zooplankton abundance, biomass, and 

richness with salt causing larger reductions in biomass and richness. We did not find different 

interactive effects or patterns between the simultaneous and sequential scenarios, potentially 

because of a lack of recovery time between the two stressors.  

The results did not support the hypothesis that salt and heat treatments would synergistically 

affect the zooplankton community. Community composition of the combined treatments was 

similar to that of salt-only treatments. Both stressors mainly reduced copepod nauplii and 

cladoceran abundance and biomass, and the effects of salt were much stronger than that of the 

heat treatment. It is possible that antagonistic effects in the combined treatment resulted from 

heat effects being masked by impacts caused by long-term salinity stress (Vinebrooke et al., 

2004). We found the abundance of Chydorus sphaericus, Daphnia ambigua, Daphnia pulicaria, 

Keratella spp., and nauplii declined in individual salt and heat treatments, but the decrease was 

greater in salt. Individuals that survived previous salt exposure did not respond to the second 

stressor, potentially because the sensitive individuals had already been eliminated by the salt 

treatment and the remaining individuals were not particularly sensitive or were co-tolerant to our 

heat and salt treatments. The earlier salt treatment supressed the impact of the later heat 

treatment, produced antagonistic interaction, and provoked stress-induced community tolerance 

(Vinebrooke et al., 2004). Our interaction outcomes were different from findings of Thompson 

and Shurin (2012) where they applied warming as a press stressor (2.5 °C above ambient 

temperature). Their warming treatment did not cause a significant effect on total zooplankton 
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biomass on its own but acted synergistically with the salt treatment (Thompson & Shurin, 2012). 

A potential reason for the differences may be related to the time scale and intensity of the heat 

stressor as our heat treatment was shorter but more extreme than theirs. Natural populations have 

the potential to adapt to mild, long-term warming behaviourally and physiologically, while an 

extreme heatwave leaves very limited time for adaptation (Harris et al., 2018; Striebel et al., 

2016). Initial zooplankton community composition may also be important as Thompson and 

Shurin (2012) mentioned that their local zooplankton community lacked species that were co-

tolerant to the two stressors. Our initial zooplankton community consisted of individuals 

collected from six different lakes. We aimed to have a community that represented a regional 

species pool that could arrive through regional dispersal, which may have increased the 

probability of it containing individuals and species tolerant to both stressors compared with 

collecting from single waterbody. 

In our experiment, nauplii and cladocerans were major contributors to the decline caused by 

elevated salinity. Cladocera have been found to be sensitive to elevated salt concentration (e.g., 

5–40 mg Cl−/L in Arnott et al., 2020; Greco et al., 2021). Our result is also consistent with 

findings from Hintz et al. (2017) who reported that nauplii were the most vulnerable zooplankton 

in their high salinity treatments (≥500 mg Cl−/L). We observed no change in copepod abundance 

or biomass in our salt-only treatment, indicating that the species in our experiment (Mesocyclops 

edax, Diacyclops thomasi) are tolerant to 350 mg Cl−/L concentrations. Other studies have 

showed sensitivity at 645 mg Cl−/L (van Meter et al., 2011). Likewise, Greco et al. (2021) found 
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cyclopoid copepod abundance declined by 71% at 120 mg Cl−/L. However, Thompson and 

Shurin (2012) found cyclopoid copepod abundance increased in their 0.3 ppt salt treatment. Some 

freshwater cyclopoid copepods (e.g., Mesocyclops edax, Diacyclops thomasi) have been found to 

maintain viable populations in estuary waters or saline lakes (Carter & Dadswell, 1983; Hammer, 

1993). Potential reasons for variation in salt tolerance include variation in sensitivity among 

zooplankton populations, food availability (Brown & Yan, 2015), water chemistry (e.g., Arnott et 

al., 2017), species composition (Clements et al., 2012), and previous exposure history (e.g., 

Coldsnow et al., 2017). Most toxicity studies focus on daphniids, and we lack information on the 

Cl− sensitivity on copepods (Hintz & Relyea, 2019). For rotifers, we found a shift in species 

composition from Keratella to more salt-tolerant Anuraeopsis (Sarma et al., 2006), probably 

because the mortality of Keratella released the salt-tolerant rotifer from competition (Van Meter 

& Swan, 2014). A limitation of our experiment is that we did not have fish as a predator in the 

community, and further research is needed to investigate the potential role of fish predation with 

regard to the multiple stressor issue. Jeppesen et al. (2010) suggested that in saline lakes, elevated 

salinity could shift fish assemblages toward small and/or planktivorous fish, which may be an 

indirect impact of salt on zooplankton. Other factors, such as temperature and food availability, 

could change the outcome and even complicate the problem (Brucet et al., 2017). 

Pulse exposure to a heatwave caused substantial damage. In our heat treatment (5.2 ± 0.4°C 

above ambient water temperature), nauplii were the least tolerant category we examined, which 

could be explained by the high sensitivity of early-stage crustaceans to the changes of external 
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environment such as temperature (Gyllström & Hansson, 2004; Huber et al., 2010). Even though 

the exposure period was only 3 days, and the highest temperature was 28.2 °C, impacts on nauplii 

abundance and biomass were still considerable. Heat treatment also negatively influenced 

cladoceran abundance and biomass, as well as copepod abundance. Previous studies suggested 

that exposure to warming temperature decreased the biomass of large cladocerans (e.g., 8 °C and 

9.5 °C above ambient temperature in Işkın et al., 2020; 26 °C in Vanvelk et al., 2020). Heating 

has been found to impact copepods as well, for instance, Castaño-Sánchez et al. (2020) found 

50% survivorship at 26.9 °C for cyclopoid copepods and Sasaki et al. (2019) found 50% 

survivorship at 30 °C for a marine calanoid copepod. The reduction in rotifer biomass caused by 

heat was also observed in a previous study indicating that some herbivore rotifer species (e.g., 

genus Keratella) are sensitive to high temperature (e.g., ≥29 °C in Seifert et al., 2015). Moreover, 

we noticed that heat treatment tended to increase the variability in community composition, 

which could potentially be due to the variation among populations. A similar outcome has been 

seen in other community-level studies (e.g., Newton et al., 2013; Romero et al., 2020) but further 

exploration is needed on this issue. After the heat pulse exposure, there could be recovery, but we 

did not look into that in this study. 

For our second research question on the difference between the simultaneous and sequential 

scenarios, we observed antagonistic effects for both scenarios and the overall patterns were 

similar, which did not support our hypothesis. There was approximately 12 hr between the end of 

salt treatment and when heated water reached the target temperature. In contrast with the 
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simultaneous exposure to stressors, organisms that survived the previous stressor in the 

sequential scenario were expected to be released from salt stress and re-establish physiological 

homeostasis before heatwave exposure (Gunderson et al., 2016; Velasco et al., 2019). Although 

smaller organisms tend to have shorter recovery time compared with larger ones (Jackson et al., 

2021), our results showed legacy effects from previous salt exposure led to the interaction in 

sequential scenario, suggesting that there was not enough time for physiological recovery 

between the two stressors. One possibility is that the long-lasting physiological changes activated 

by the former stressor prepared some of the remaining organisms for the subsequent disturbance 

(i.e., cross-tolerance) (Pallares et al., 2017). A study of aquatic beetles demonstrated that prior 

exposure to high salinity enhanced their physiological tolerance to subsequent desiccation, by 

increasing their body water content and reducing water loss (Pallares et al., 2017). A weaker 

interaction or additive effect could be expected if longer time intervals were given. As for the 

population recovery, in the sequential scenario, where salt-only zooplankton experienced control 

conditions for the last 3 days of the experiment, we detected an increase in rotifer biomass, 

reflecting recovery of some rotifer species. The same increase was not seen in cladoceran, 

copepod, or nauplii implying that the recovery time was not long enough for these taxa to 

respond. Furthermore, dispersal and recolonization of species from regional source pools could 

be a potential mechanism of population and community rescue when longer recovery time is 

provided. Studies suggested that dispersal could ameliorate impacts of a stressor in some cases 

(Arumugam et al., 2020; Sinclair & Arnott, 2018), but that would largely depend on the context, 
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and it is still not clear how dispersal would change community responses to a subsequent stressor. 

Future studies are needed to better explore this topic. 

Chlorophyll-a concentration increased through time in all the treatments, thus food was 

probably not a limiting factor for zooplankton. Chlorophyll-a concentrations in salt treatments 

were higher than no-salt treatments, as seen in other studies (Hintz et al., 2017; van Meter & 

Swan, 2014) and could be explained by decreased grazing due to lower zooplankton abundances. 

Although rotifer biomass was found to increase in salt treatment, they are small in body size and 

low in biomass compared with cladoceran, and thus did not compensate the loss in overall 

grazing capacity. 

Our study had some limitations. Firstly, species responses in our study may have resulted 

from direct physiological responses to our stressor treatments or may have resulted from 

interactions within the community, but we were unable to differentiate these mechanisms. Future 

research is needed to understand how species interactions influence community-level outcomes 

(Thompson et al., 2018). We also did not add predators, such as fish, into mesocosms. According 

to Hintz et al. (2017), fish condition improved with high salt concentrations and fish predation 

and salinity caused negative synergistic impacts on freshwater zooplankton communities. Larger-

scale experiments are needed to investigate impacts on higher trophic levels. Secondly, our 

mesocosm experiment happened over a limited temporal and spatial scale. We did not investigate 

recovery after both stressors were removed and there is the likelihood that effects may change 

over longer periods of time. Our mesocosms allowed us to have improved realism compared with 
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smaller scale lab and microcosm experiments, as well as simpler levels of biocomplexity and 

more control than natural systems (Stewart et al., 2013). Our study only investigated the impact 

of increased salinity followed by a heatwave. Studies have revealed that the sequential order of 

exposure could change the interaction between stressors (Ashauer et al., 2017; Brooks & Crowe, 

2019) and more future research could be done on this topic—for example, changing the sequence 

of salinity and heatwave conditions—to improve our understanding of multiple-stressor issues. 

2.6 Conclusion 

Lake chloride concentrations are expected to continue to increase (Dugan et al., 2020) and 

fluctuate with climatic changes (Nielsen et al., 2003; Rahel & Olden, 2008). Heatwave impacts 

on lake temperature will be more intensified and frequent because of human activities (Woolway 

et al., 2021). Given that zooplankton play a critical role in energy transfer and nutrient cycling in 

freshwater ecosystems (Pinto-Coelho et al., 2005; Tang et al., 2010), understanding how they 

might respond to elevated salinity and heatwave conditions could help us better predict future 

changes in freshwater habitats, particularly for vulnerable small lakes and ponds. Our experiment 

suggested that the two stressors negatively impacted some zooplankton taxonomic groups, and at 

the community level, they acted antagonistically such that the occurrence of a 3-day heatwave did 

not cause any additional loss of abundance or biomass regardless of whether the community was 

exposed to the sequential or simultaneous scenario. Our findings also illustrated that even when 

the two stressors were decoupled in time, the community could still be influenced by a previous 

stressor with antagonistic effects between them. We did not find different pattern between the 
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two scenarios, but other physiological and population-level studies suggested that being exposed 

to the same combination of stressors simultaneously and sequentially could lead to different 

outcomes and the time intervals between stressors could also influence the consequences (e.g., 

Meyling et al., 2018; Miller et al., 2014; Todgham et al., 2005). However, there are few studies 

focusing on this topic and we still do not have enough understanding of it. It is also unclear how 

increasing recovery time will change the outcome. These highlight the importance of future 

research on sequentially occurring multiple stressors, particularly at community and ecosystem-

level, not just because the effects may vary between different ecological levels (Côté et al., 2016), 

but also because those are sometimes the levels where policies and management strategies 

operate, especially for organisms with small body size. Furthermore, heat was applied as a pulse 

stressor (short duration but high intensity) in this study. Heatwaves have been infrequently 

considered in multiple-stressor studies. Our study indicated that a short-term exposure to heat 

could cause community-level damage, reducing total community biomass and abundance, 

primarily through reduced abundance of cladocerans, nauplii and rotifers. We also found that our 

pulse heat treatment interacted with elevated salinity differently than when it was applied as a 

press stressor in another study (Thompson & Shurin, 2012), emphasising the importance of 

further investigating this emerging issue in the context of multiple-stressors. 
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Chapter 3. Timing Matters: Elevated Salinity and Heatwaves Interactively Impact 

Freshwater Zooplankton 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 

 

3.1 Abstract 

Abiotic factors fluctuate through time, sometimes passing thresholds for organismal 

reproduction and survival. Stressors can independently or interactively impact organisms; 

however, few studies have examined how they interact when occurring asynchronously and the 

influence of the temporal fluctuation of stressors. Fluctuations in salinity have been recorded in 

freshwater habitats worldwide. Meanwhile, heatwaves have become more frequent and 

intensified. Elevated salinity and heatwaves can act interactively on freshwater zooplankton, and 

the time intervals between them, during which population and community recovery would 

happen, may influence combined effects. We conducted a mesocosm experiment to examine how 

different time intervals (0, 3, or 6 weeks) between salt treatment and heatwave exposure 

influence their combined effects. We found that individual salt and heat treatments negatively 

impacted zooplankton abundance, biomass, and richness, mostly cladoceran and nauplii. The 

abundance in the salt-treated community increased after a 6-week recovery, mainly driven by the 

recovery of small organisms. However, full compositional recovery was not achieved. When 

combined, the joint impacts changed from antagonism to an additive effect with the increase in 

recovery time between stressors. Heatwaves had a larger effect on the composition of 

communities recovering from previous disturbance, compared to undisturbed communities, 

providing evidence of legacy effects from the earlier salinity stress. Our research contributes to 

the understanding and management of multiple-stressor issues by revealing that prior exposure to 

one stressor can affect community recovery and reduce community resistance to a subsequent 
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stressor and demonstrates that temporal fluctuations of stressors determine the interactions 

between them. 

3.2 Introduction  

The intensity of multiple abiotic factors can change through time, sometimes exceeding 

critical thresholds for organisms (Sousa 1984). The combined effects of multiple stressors are not 

always equal to the sum of their individual effects; combined effects can be greater (i.e., 

synergistic) or less (i.e., antagonistic) than the sum of their individual effects, making it hard to 

predict community responses simply based on existing single-stressor research (Vinebrooke et al. 

2004; Birk et al. 2020; Jackson et al. 2021). Temporal fluctuations in environmental conditions 

can result in communities experiencing variations in stressor intensity over time. However, we 

have a limited understanding of the combined or interactive effects of stressors when they occur 

asynchronously (Gunderson et al. 2016; Jackson et al. 2021). Although there has been increasing 

research on multiple stressors in recent years, few studies have examined how temporal variation 

in stressors impacts their interactive effects (Gunderson et al. 2016; Orr et al. 2020). Previous 

exposure to a stressor can have legacy effects that influence population, community, and 

ecosystem responses to subsequent disturbances through mechanisms such as acclimation, 

selection, and species sorting (Jackson et al. 2021). This knowledge gap reduces our ability to 

predict the interactive effects of stressors with temporal variation in intensity and restricts our 

ability to prioritize management initiatives for environmental conservation and restoration (Côté 

et al. 2016; Bruder et al. 2019).  
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Disturbance can apply strong selection pressure to a population, with some individuals 

experiencing mortality or reduced birth rates, while the survival and reproduction of other stress-

resistant individuals are less impacted (Ribeiro & Lopes 2013). The selection pressure by a 

previous stressor could be beneficial or deleterious to the population’s performance under 

subsequent stressful conditions (Jansen et al. 2011). Furthermore, the selection induced by 

stressors can change the species composition of a community with stress-resistant species 

increasing in dominance (Sousa 1984; Gunderson 2000). These remaining species may be 

tolerant or sensitive to a subsequent novel stressor, affecting the combined effects of the two 

stressors (Vinebrooke et al. 2004). When there is a disturbance-free period between two stressors, 

populations and communities may fully or partially recover to the pre-disturbance condition or a 

new state (Gunderson 2000; Hillebrand & Kunze 2020), impacting community response to 

subsequent exposure to a disturbance. For instance, Jurburg et al. (2017) suggested that the 

legacy effect of heat treatment on soil bacterial community composition lasted for at least 25 days 

after the exposure, and they predicted that communities might be more vulnerable to a novel 

stressor during this period. However, the effects of asynchronously occurring multiple stressors, 

as well as the influence of recovery time between stressors, have been rarely examined in 

experiments at the community level. Since combined effects of stressors tend to differ across 

levels of biological organization because of interspecific interactions, population-level responses 

cannot reliably be used for predicting the consequence on a community (Thompson et al. 2018; 



64 

 

Jackson et al. 2021). Thus, community-level studies are urgently needed to fill this knowledge 

gap.  

Agricultural activities, mining effluents, residential run-off, and winter road salt application, 

have increased the salinity of freshwater lakes on a global scale (Hancock et al. 2005; Baek et al. 

2014; Hopkins et al. 2022; Roesel 2022; Rosa 2022; Szklarek et al. 2022). Salt can be transported 

into freshwater habitats through direct flushing and entering with groundwater, sometimes 

causing fluctuations of salinity in lakes and ponds. Surface flow associated with melting snow 

and rainfall during spring and early summer can flush de-icing salts into nearby waterbodies, 

resulting in weeks- to months-long increases in salinity during these periods (e.g., about 200-400 

mg chloride (Cl-)/L increases in Novotny et al. 2008). Water may later flow out of the lake and/or 

get diluted by summer precipitation and inflows of freshwater, which reduces its salt 

concentration (Rosenberry et al. 1999; Novotny et al. 2008; Lawson & Jackson 2021). Salt may 

also leach through soil into groundwater and raise groundwater salinity (Howard & Beck 1993), 

and, during dry periods in summer, saline groundwater discharge can deliver notable loads of salt 

into the freshwater habitats, temporally elevating salt concentrations (Howard & Haynes 1993; 

Williams 1999). Additionally, summer evaporation can exacerbate the situation by decreasing the 

water level and concentrating ions (Nielsen & Brock 2009; Sereda et al. 2011; Jeppesen et al. 

2015).  

Previous studies have shown that salt stress can compromise the growth, reproduction, and 

survival of organisms (Ghazy et al. 2009). Consequently, impacts on community structure, shifts 
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in species composition, and alteration of food web structure also occur (van Meter et al. 2011; 

Castillo et al. 2018). As community composition largely determines a system’s resilience to 

disturbances (Jurburg et al. 2017), salt-induced changes in communities may affect their 

responses to a subsequent stressor. While there have been considerable efforts to investigate salt 

effects on freshwater communities, little is known about the legacy effects of exposure and the 

recovery capacity of communities. These are influential in determining community structure and 

function. Lacking this knowledge limits our understanding of how temporal salinity fluctuation 

affects community resistance and resilience in a changing environment. 

Meanwhile, extreme events associated with climate change, such as heatwaves, occur 

globally and their frequency and intensity have been increasing markedly over recent decades 

(Turner et al. 2020). Additionally, the IPCC report (2021) demonstrated that heatwaves are 

anticipated to increase and intensify in most regions. Heatwaves usually occur briefly in spring 

and summer and, despite having a short duration, can be destructive to organisms and ecosystems 

(Stillman 2019; Turner et al. 2020). Acute heat stress can damage protein structures, disrupt 

energy generation processes, and induce cellular deterioration (Klumpen et al. 2017; Stillman 

2019). Moreover, a previous experiment by Sun and Arnott (2022) illustrated that a +5.2℃ 3-day 

heatwave decreased zooplankton community abundance and biomass and shifted species 

composition. Heatwaves can also interact with other perturbations; however, existing studies 

have largely addressed constant warming and inadequate attention has been paid to the joint 

effects of this extreme event and additional stressors (Stoks et al. 2014). 
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Salinity stress and heatwaves are likely to occur asynchronously due to the temporal 

fluctuations of salinity in freshwater bodies as well as increasingly frequent heatwave events. 

Nevertheless, past research has mainly focused on the interaction between simultaneously 

occurring, sustained high salinity and long-term warming (e.g., Lin et al. 2017; McClymont et al. 

2022), and we lack knowledge of how pulses of salt stress and extreme heatwave events act 

interactively on freshwater communities (Stoks et al. 2014; Polazzo et al. 2022). Sun and Arnott 

(2022) found that applying elevated salinity and heatwaves consecutively resulted in an 

antagonistic effect on the zooplankton community. However, it remains unclear how the 

combined effects change when there are different recovery periods between the two stressors. If 

there is recovery time between the stressors, organisms surviving salt exposure may be able to 

grow and reproduce, and the antagonism between stressors may persist or change. Yet this is not 

well understood.  

To address these knowledge gaps, we conducted a mesocosm experiment using freshwater 

zooplankton to explore the community-level response to asynchronously applied elevated salinity 

and heatwaves, as well as the impacts of recovery time between stressors on the joint effects. We 

hypothesized that zooplankton communities would be negatively affected by salt stress but would 

eventually recover to the undisturbed condition after the pulse. We also hypothesized that having 

different time intervals between salt and heatwave treatments influences their combined effects 

and that interactive effects would disappear with the increase of recovery time intervals because 
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communities would completely recover to undisturbed conditions before getting heated and show 

same response to heat stress as the undisturbed communities.  

3.3 Method 

3.3.1 Field Experiment  

We conducted a mesocosm experiment at Queen’s University Biological Station (Ontario, 

Canada; 44.568, -76.324) in the summer of 2020. We used chloride (Cl-) concentration as the 

indicator of salinity level since it is an anion that forms many salts. Two Cl- levels were 

employed: 6 mg Cl-/L (no salt addition, ambient level of lake water) and 350 mg Cl-/L (elevated 

salinity treatment) which represents a Cl- concentration frequently seen in Ontario during summer 

in or near urban areas (Lawson & Jackson 2021). For the high salinity treatment, we added 103.2 

g of laboratory-grade NaCl (Thermo Fisher Scientific Inc., Massachusetts, US) to each 

mesocosm. The treatment exposure time was three weeks which is a realistic period of temporal 

salinity increase in water bodies in nature (e.g., about a month in Novotny et al. 2009; about 21 

days in Lawson & Jackson 2021). This period is also long enough to induce community 

responses (Delaune et al., 2021). While we initially aimed to increase water temperature by 5 °C, 

the heatwave condition was eventually produced by raising the water temperature 6.55±0.47 ℃ 

above the ambient water temperature for three consecutive days (Appendix B - Fig.B1). One 100 

W aquarium heater (Pawfly HT-2100, Guangdong, China; Aqueon 6101/6100, Phoenix, USA) 

was installed in each heated mesocosm to increase temperature. Water temperature took 

approximately 12 hours to achieve the expected level. The definition of heatwave varies among 



68 

 

studies and regions (Raha & Ghosh 2020), and we chose three consecutive days as the duration 

because many meteorology studies on heatwaves worldwide used this exposure time (e.g., 

Zacharias et al. 2014; Wang & Yan 2021; Marengo et al. 2022). 

We used zooplankton as our focal organisms as they have a pivotal position in freshwater 

food webs and are sensitive to environmental perturbations (Paquette et al. 2022). Changes in 

zooplankton communities can lead to huge ecological consequences such as algal blooms and 

disturbed energy flow and nutrient cycling (Goleski et al. 2010).   

We filled 40 mesocosms with 180 L of water from Lake Opinicon. Lake water was filtered 

through a 50-µm mesh to eliminate larger zooplankton and invertebrates but keep smaller 

phytoplankton. Phytoplankton grew in the mesocosms for one week before zooplankton were 

added. We collected zooplankton from four lakes: South Otter, Big Salmon, Round, and 

Opinicon (Appendix B - Table B1), using 50-µm mesh nets, to establish a diverse initial 

community. Once collected, zooplankton were mixed and then evenly dispersed among 

mesocosms. We covered each mesocosm with a one-mm mesh screen to prevent aerial insect 

colonization. Three days after we added all the zooplankton and before any treatments 

commenced, initial zooplankton community and chlorophyll-a samples were taken. 
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The salt treatment was started on different days (June 14, July 6, or July 28) for early, mid, 

and late summer salinity scenarios (Fig. 3.1).  

We employed a two-factor experimental design with two salinity (low/high salt) and 

temperature (ambient/heated) levels for all three timing scenarios. At the end of their three-week 

salt exposure period, zooplankton were transferred to new mesocosms with low salt conditions. 

The transfer could cause loss of zooplankton abundance, thus, every three weeks (i.e., at the end 

of each salt exposure), zooplankton from every tank (control and treatments) were transferred 

into new tanks in which the treatment was kept or newly established. All heatwave treatments 

were performed at the same time (i.e., during the last three days of the experiment) to ensure that 

heated mesocosms all reached the same temperature level. Below is a detailed description of the 

setup of the control group and treatments (five replicates each). 

Figure 3.1. Mesocosm experimental design. Solid (light, mid, and dark) blue lines represent exposures to elevated 

salinity; dashed lines represent control/no stressor conditions; red curves represent exposures to heatwave conditions. 
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Control: control group (low salt, ambient). Zooplankton were kept in lake water throughout 

the experiment without any treatment applied.  

H: heat-only treatment group (low salt, heated). Treated with three consecutive days of 

heatwave condition only.  

S-early: salt-only treatment in early summer salt exposure scenario (high salt, ambient). 

Zooplankton were first exposed to elevated salinity condition for three weeks, then 

transferred to low-salt lake water until the end of the experiment. Communities experienced 

six weeks of recovery after salt exposure. 

SH-early: salt and heat combined treatment in early summer salt exposure scenario (high salt, 

heated). Salt treatment was the same as S-early. During the last three days of the experiment, 

zooplankton stayed in low-salt condition and were heated.  

S-mid: salt-only treatment in mid-summer salt exposure scenario (high salt, ambient). 

Zooplankton were first put into low salt condition for three weeks, then transferred to high 

salt water for three weeks. At the end of week 6, they were transferred to low-salt water until 

the end of the experiment. Communities experienced three weeks of recovery after salt 

exposure.  

SH-mid: salt and heat combined treatment in mid-summer salt exposure scenario (high salt, 

heated). Salt treatment was the same as S-mid. During the last three days of the experiment, 

zooplankton were transferred to new tanks with low-salt lake water and heated. 
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S-late: salt-only treatment in late summer salt exposure scenario (high salt, ambient). 

Zooplankton were first exposed to low-salt lake water for six weeks, then exposed to the high 

salinity condition for three weeks. At the end of those three weeks, they were transferred into 

new tanks with no salt added. There was no recovery time after salt exposure. 

SH-late: salt and heat combined treatment in late summer salt exposure scenario (high salt, 

heated). Salt treatment was the same as S-late. After salt exposure, during the last three days 

of the experiment, zooplankton were transferred to low-salt lake water and heated. 

Specific conductance was measured every three weeks using an inoLab® Cond 7110 

conductivity meter (Weilheim, Germany; Appendix B - Fig. B2). Every three weeks, we used a 

YSI Pro20 dissolved oxygen (DO) meter (Yellow Springs Instruments, Yellow Springs, USA) to 

measure the DO of all mesocosms at about 0.2 m below the water surface (Appendix B - Fig. 

B3). Water temperature was tracked hourly using temperature loggers (HOBO® Pendant®, 

Bourne, USA) deployed at about 0.5 m above the bottom of tanks.  

3.3.2 Sample Collection, Processing, and Counting 

Chlorophyll-a samples were taken every three weeks from each mesocosm as a 500 ml grab 

sample collected about 0.1 m below the water surface. Samples were filtered through G4 glass-

fiber filters (Fisher Scientific™, Waltham, USA), frozen at -4 ℃, extracted in methanol for 24 

hours, and analyzed with a TD-700 fluorometer (Turner Designs, San Jose, USA).  

Every three weeks (i.e., at the end of each salt treatment), zooplankton samples were 

collected from all the mesocosms using an 8-cm-diameter, 2 L tube sampler. The sampler 
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captured most of the depth of the mesocosm. For each mesocosm, we obtained a total sample of 

10 L by collecting samples from five locations. Samples were then filtered through a 50 µm sieve 

and preserved in at least 75% ethanol. We identified zooplankton using a Leica M165 C 

dissecting scope and a Leica DME compound microscope (Wetzlar, Germany). Each zooplankton 

sample was first rinsed and diluted to 100 ml, then a series of 3 ml subsamples were taken and 

counted until there was no new species in three subsamples in a row. All individuals were 

counted in each subsample, and the body length was measured. We processed at least five 

subsamples for each mesocosm. Except for Daphnia pulex/pulicaria, Daphnia neonates, Bosmina 

freyi/liederi, Alona spp., and immature copepods (identified as nauplii and cyclopoid or calanoid 

copepodid), all the cladocerans and copepods were identified to species. Rotifers were identified 

to family or genus level. Dry biomass was calculated according to measured individual body 

lengths and published weight–length relationships of each species (Appendix B - Table B2). We 

identified, counted, and measured initial zooplankton samples, as well as samples collected from 

salt-only and control mesocosms at the end of each salt exposure period, all mesocosms at the 

end of week 9, and all mesocosms at the end of the experiment (i.e., end of heatwave treatment). 

We tested the effects of treatments based on zooplankton abundance (individuals/L), biomass 

(mg/L), and richness (excluding nauplii and copepodids) of all zooplankton and the four 

taxonomic groups: cladoceran, copepodid & adult copepod, copepod nauplii, and rotifer. We did 

not find significant differences across initial zooplankton communities before treatments were 

applied (Appendix B - Table B3). 
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3.3.3 Data Analysis 

All the statistical analyses were performed in R 4.1.3 (R Core Team 2022). Packages 

including “car” (version 3.0-10; Fox et al. 2020), “multcomp” (version 1.4-15; Hothorn et al. 

2020), “RAM” (version 1.2.1.7; Chen et al. 2018), and “vegan” (version 2.5-6; Oksanen et al. 

2019) were used. Analysis of variance (ANOVA) was used to examine zooplankton community 

responses to salt exposure at different times of summer and their recovery after salt exposure. 

Tukey’s honestly significant difference (HSD) test was applied to assess treatment effects when 

the p-value of ANOVA was less than 0.05. Generalized linear models (GLMs) were employed to 

investigate the combined effects of salt and heat treatments on zooplankton communities and 

each taxonomic group, using a Gaussian, Gamma, or Negative Binomial distribution (Table 3.1). 

Akaike information criterion (AIC) scores were used to determine the best-fit distributions and 

link functions. The first step was to use AIC scores to select the distribution (the one with lowest 

AIC score was chosen). Then, we selected the link function. Using the distribution identified in 

the first step, we established models using different link functions and obtained the AIC score for 

each model. The primary criterion was still the AIC score, but when multiple models had similar 

(within 2 units of AIC score), low AIC scores, the model that used the identity link (or the 

canonical link) was selected. A false discovery rate (FDR) correction was applied to the p-values 

of GLM tests on taxonomic groups, and we only reported significant effects of the tests if they 

were still significant after the correction. Data were analyzed for the three recovery time 

scenarios separately since we did not have a full factorial design when including the timing as a 
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factor. For the three scenarios, the models included a categorical predictor variable representing 

the two salinity levels (“low salt” or “high salt”), a categorical variable representing the two 

temperature treatments (“ambient” or “heat”), and a term for their interaction. The type of 

interaction, if detected, was determined using the effect size of the two-stressor combined 

treatment (Ec) and a predicted additive effect (Ea). Cohen’s d was employed as the effect size, 

which was calculated using the mean and standard deviation of the data (Cohen, 1988). 

Synergism means that the Ec is greater than Ea. Antagonism means that the Ec is smaller than Ea. 

Additive effect (Ea) was the addition of each stressor’s effect size.  

Table 3.1. Summary of the distributions and link functions used in GLMs for abundance, biomass, 

and richness of zooplankton communities and each taxonomic group. (total=total zooplankton 

community) 

Recovery 

time 

scenarios 

Abundance Biomass Richness 

Distribution 
Link 

function 
Distribution 

Link 

function 
Distribution 

Link 

function 

0-week total 
Negative 

binomial 
log Gaussian identity Gamma inverse 

3-week total 
Negative 

binomial 
log Gaussian identity Gamma inverse 

6-week total Gamma inverse Gamma inverse Gamma inverse 

0-week 

cladoceran 
Gamma inverse Gamma inverse Gamma inverse 

3-week 

cladoceran 

Negative 

binomial 
log Gamma inverse Gaussian identity 

6-week 

cladoceran 

Negative 

binomial 
log Gamma inverse Gaussian identity 

0-week 

copepod 
Gamma inverse Gaussian identity Gamma inverse 

3-week 

copepod 

Negative 

binomial 
log Gaussian identity Gaussian identity 

6-week 

copepod 

Negative 

binomial 
log Gaussian identity Gaussian identity 
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0-week 

nauplii 

Negative 

binomial 
log Gamma inverse NA NA 

3-week 

nauplii 
Gaussian identity Gaussian identity NA NA 

6-week 

nauplii 
Gaussian identity Gaussian identity NA NA 

0-week 

rotifer 

Negative 

binomial 
log Gaussian identity Gamma inverse 

3-week 

rotifer 

Negative 

binomial 
log Gamma inverse Gaussian identity 

6-week 

rotifer 
Gamma inverse Gamma inverse Gaussian identity 

 

Changes in zooplankton community composition were analyzed through permutational 

multivariate analysis of variance (PERMANOVA; employing 999 permutations; Anderson 

2001). We used the distance matrix constructed from the Bray-Curtis-transformed community 

matrix of zooplankton abundance for each mesocosm as the response variable. To visualize the 

community composition in each treatment, principal coordinates analyses (PCoA) were 

performed on the Bray-Curtis-transformed abundance data of all the species (except rare species 

that occurred in less than 3 mesocosms).  

3.4 Results 

We examined the effects of stressors through three steps: 1) comparing salt-treated 

communities with control conditions in each of the three treatment application times; 2) 

examining the effect of the length of recovery time; and 3) examining the individual effect of 

heat and stressor interactions for different recovery time scenarios. 

3.4.1 Effects of Salt Treatments 
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The total abundance of zooplankton communities with no treatment applied (Control) was 

not different in early versus mid-summer, but was higher in late summer (Tukey HSD, p ≤ 0.002; 

Fig. 3.2a; Appendix B - Table B4). The total biomass and richness of those communities did not 

change much through time. Adding salt in early and mid-summer did not result in significant 

changes to the total abundance of zooplankton compared to the Control. However, total 

abundance was significantly reduced in the late summer salt treatment compared to the Control 

(reduced by 50.7%; Tukey HSD, p < 0.001; Fig. 3.2a; Appendix B - Table B4). In contrast, total 

biomass was reduced in the salt treatment during all three exposure periods (reduced by 56.0%, 

57.1%, and 65.4% in early, mid, and late summer respectively; Tukey HSD, p ≤ 0.005; Fig. 3.2b; 

Appendix B - Table B4). Species richness declined by 33.8% and 24.6% in salt treatments during 

early and late-summer exposures (Tukey HSD, p ≤ 0.042), but not during the mid-summer 

exposure period (Fig. 3.2c; Appendix B - Table B4). Salt-treated zooplankton communities had 

similar total abundance, biomass, and richness values after three weeks of exposure, regardless of 

when the treatment was applied (Tukey HSD, p ≥ 0.944; Fig. 3.2). Zooplankton community 

composition of the Control shifted through time (PERMANOVA, p = 0.001; Fig. 3.3). The 

community changed from being dominated by large organisms (e.g., Daphnia spp.) in early and 

mid-summer to smaller-sized, more abundant cladocerans (e.g., Chydorus and Alona sp.), nauplii, 

and rotifers in late summer. Although the composition of salt-treated communities was different 

among the three exposure periods (PERMANOVA, p = 0.042), they were all shifted by the 

treatment toward a similar direction which is opposite to the Control (Fig. 3.3). 
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Figure 3.2. Boxplots of the total abundance (a), biomass (b), and richness (c) of zooplankton communities after salt 

exposure at different times of summer and communities in the control group at the corresponding times of summer. 

Bold horizontal lines in the boxes represent mean values. Boxes with different letters are significantly different from 

each other in the Tukey post hoc test and comparisons are within each figure only. Control-early=control group in 

early summer; Control-mid=control in mid-summer; Control-late=control in late summer 
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In the Control, cladoceran abundance was similar in early and mid-summer, then increased 

substantially in late summer (Appendix B - Fig. B4, Table B4). Salt treatment caused a 72.4% 

reduction in cladoceran abundance when it was applied in late summer (Tukey HSD, p < 0.001), 

but the influence of salt was weak in earlier treatments. No difference in cladoceran biomass and 

richness was found over time in the Control (Appendix B - Fig. B5&6). But the biomass 

decreased by 63.2%, 64.7%, and 70.0% when salt was added in early, mid, and later summer 

respectively (Tukey HSD, p ≤ 0.003; Appendix B - Table B4). Compared with the Control, 

cladoceran richness was negatively affected by salt during early-summer exposure only (61.9% 

reduction; Tukey HSD, p = 0.009; Appendix B - Fig. B6, Table B4). However, despite salt being 

applied at different times, the treatments resulted in similar abundance, biomass, and richness of 

Figure 3.3. PCoA biplot of all the species in zooplankton communities in different salt exposure timing scenarios 

and in the control group at the corresponding time. Each point represents a mesocosm community. Different 

colour indicates different treatment. Bray-Curtis-transformed abundance data were used for the analyses. 
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cladoceran in the communities at the end of each exposure (Appendix B - Fig. B4-6, Table B4).  

Nauplii abundance and biomass in the Control increased in late summer (Tukey HSD p ≤ 

0.001; Appendix B - Fig. B4&5, Table B4). More than 56.2% and 66.7% decline in nauplii 

abundance and biomass were caused by salt treatment in all three timing scenarios (Tukey HSD, 

p ≤ 0.001). Salt treatments led to similar nauplii abundance and biomass in the communities by 

the end of the exposures.  

Copepod and rotifer abundance, biomass, and richness did not change significantly through 

time or among treatments (Appendix B - Fig. B4-6, Table B4). 

3.4.2 Zooplankton Community Recovery 

To investigate zooplankton community recovery after the pulse salt treatment, we compared 

zooplankton responses at Week-9, when S-early had recovered for six weeks, S-mid had 

recovered for three weeks, and at the end of the S-late treatment. After six weeks of recovery, 

total zooplankton abundance in S-early increased and was 9.8% less than the Control in late 

summer (Tukey HSD, p = 0.75; Fig. 3.4a; Appendix B - Table B4&6). In contrast, after three 

weeks of recovery, total abundance was still 34.2% lower than the late-summer control level 

(Tukey HSD, p = 0.014). Zooplankton total biomass increased with the increase in recovery time 

but remained 53.8% and 38.5% lower than the total biomass of the control group for 3 and 6-

week recovery treatments respectively (Tukey HSD, p ≤ 0.024; Fig. 3.4b). Species richness for S-

early after 6 weeks of recovery increased and was similar to Control (Fig. 3.4c). We found that 

zooplankton community composition of the S-early (after 6-week recovery) and S-mid (after 3-
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week recovery) moved toward the control group (Appendix B - Fig. B7), but their compositions 

were still different as the abundance of some species did not increase to the control level 

(PERMANOVA, p = 0.002).  

 

Figure 3.4. Boxplots showing the total abundance (a), biomass (b), and richness (c) of salt-only treatments and control 

group zooplankton communities at the end of week-9. Salt-only treatment communities had different recovery times: 

six weeks (S-early); three weeks (S-mid), or zero weeks (S-late). Bold horizontal lines in the boxes represent mean 

values. Boxes with different letters are significantly different from each other in the Tukey post hoc test and 

comparisons are within each figure only. 
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Cladoceran abundance increased after three and six weeks of recovery, compared with S-late 

with no recovery, and were 41.5% and 50.4% less than the Control respectively (Fig. 3.5; 

Appendix B - Table B6). Cladoceran biomass did not recover as much as abundance and was still 

lower than the Control (TukeyHSD, p ≤ 0.027; Appendix B - Fig. B8). Both cladoceran 

abundance and biomass had large variations among mesocosms in S-early after recovery (Fig. 

3.5; Appendix B - Fig. B8). Cladoceran richness in S-early also slightly increased after six weeks 

(from 1.6 to 2.4 on average; Appendix B - Fig. B9, Table B4&6). Nauplii abundance and 

biomass both increased during the 3 and 6-week time intervals (Fig. 3.5; Appendix B - Fig. B8, 

Table B6). Mean rotifer abundance and biomass in S-early (post-recovery) were 81.1% and 50% 

higher than those in S-late, although the differences were not statistically significant (Fig. 3.5; 

Appendix B - Fig. B8, Table B6). Copepod abundance, biomass, and richness did not differ 

among treatments. 



82 

 

 

3.4.3 Combined Effects of Elevated Salinity and Heatwave Condition 

Individual effects of the salt treatments have been summarized in the above sections; thus, 

we focus on the Heat-only and combined effects. The Heat-only treatment added during the last 

three consecutive days of the experiment led to decreased total abundance (44.5% reduction) and 

biomass (59.3% reduction; GLM, p < 0.001; Fig. 3.6a & b; Appendix B - Table B7 & 8). Heat 

treatment, as a single stressor, reduced the species richness by 17.9% compared to the Control (in 

6-week and 3-week recovery scenario: GLM, p ≤ 0.035; in 0-week recovery scenario: GLM, p = 

0.388; Fig. 3.6c; Appendix B - Table B7 & 8).  

Figure 3.5. Boxplots showing the abundance of each taxonomic group in salt-only treatments and control group 

zooplankton communities at the end of week 9. Salt-only treatment communities had different recovery times: 6-week 

(S-early); 3-week (S-mid), or 0-week (S-late). Bold horizontal lines represent mean values. Boxes with different letters 

are significantly different from each other in the Tukey post hoc test and comparisons are within each figure only. 
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We observed antagonistic interactive effects between salt and heat treatments on the total 

zooplankton abundance and biomass for 3-week and 0-week recovery treatments; the combined 

effects were similar or just slightly greater than the individual effects of salt or heat (GLM, p ≤ 

0.048; Fig. 3.6a & b; Appendix B - Table B7 & 8). For the 6-week recovery, no interaction was 

detected, and the combined treatment caused a 53.3% decline in abundance and a 77.8% decline 

in biomass (Fig. 3.6a & b; Appendix B - Table B7 & 8). We found an antagonistic interaction 

between salt and heat treatments on species richness in the 0-week recovery treatment (GLM, p = 

0.049), but not in other scenarios (Fig. 3.6c). 
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Interactive effects of salt and heat treatments on zooplankton community composition were 

only observed for the 0-week recovery time scenario (PERMANOVA, p = 0.040). Heat treatment 

shifted community composition (PERMANOVA, p ≤ 0.019; Fig. 3.7). The composition was 

Figure 3.6. Boxplots showing the total abundance (a), biomass (b), and richness (c) of zooplankton communities at 

the end of the experiment. Bold horizontal lines represent mean values. Salt-treated communities had different 

recovery time: 6-week (S/SH-early); 3-week (S/SH-mid), or 0-week (S/SH-late). “Low salt” represents no salt was 

added. The Control and heat treatments are the same for each recovery time scenario. 
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similar among salt-only 0-week as well as two-stressor 0-week, 3-week, and 6-week recovery 

time scenarios (Fig. 3.7). These four treatments were located on the opposite side of the Control 

on the PCoA biplots due to salt or combined treatments. The pattern indicates that the heat 

treatment did not cause further change in the composition of salt-treated communities with 0-

week recovery but altered the composition of the salt-treated communities with 3 and 6-week 

recovery.  

Heat condition, as a single stressor, impaired cladoceran and nauplii abundance and biomass 

(GLM, p ≤ 0.013; Appendix B - Fig. B10 & 11, Table B10 & 11). Heating also caused copepod 

and rotifer abundance to drop by 15.6% (GLM, p = 0.026) and 40.7% (GLM, p = 0.042), 

respectively, and rotifer richness to decrease by 26.7% (GLM, p = 0.016; Appendix B - Fig. B10 

& 12).  

Figure 3.7. PCoA biplot of all the species in each treatment at the end of the experiment. Each point represents a 

mesocosm community. Different colour indicates different treatment. Bray-Curtis-transformed abundance data were 

used. 
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Combined salt and heat stress only had antagonistic effects on 0-week recovery nauplii 

abundance (GLM, p < 0.001) and rotifer richness (GLM, p = 0.003), and 3-week recovery rotifer 

abundance (GLM, p = 0.003; Appendix B - Fig. B10-12). The combined treatment resulted in 

81.9% and 69.8% reduction in cladoceran and nauplii abundance, respectively, in the 0-week 

recovery scenario; 81.7% and 73.3% reduction in the 3-week recovery scenario; and 73.6% and 

73.1% reduction in 6-week recovery scenario (Appendix B - Table B10 & 11). The influences 

were weak on copepod and rotifer abundance in all scenarios. Biomass had a similar trend as 

abundance, and species richness of each taxonomic group was not much affected (Appendix B - 

Fig. B11 & 12, Table B10 & 11). 

3.4.4 Chlorophyll-a Concentrations  

Chlorophyll-a concentrations of all the treatments increased over time with some variation 

among mesocosms (ANOVA, p < 0.001). We did not see any distinct patterns between treatments 

(Appendix B - Fig. B13, Table B12). 

3.5 Discussion 

Despite zooplankton community composition varying through time under control 

conditions, after salt exposures, communities had similar total abundance, biomass, and richness 

as well as similar shifts in species composition, regardless of the timing of salt treatments. 

Recovery started quickly after salinity stress ended - mostly driven by increases in small, fast-

growing taxa. However, the occurrence of heatwaves, at any time during recovery, switched the 

community to a state similar to elevated salinity disturbance. As a result, the combined effect of 
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salt and heat treatments antagonistically affected zooplankton communities when there was no 

recovery time or a 3-week interval between the two stressors. In the treatment where we applied 

heat six weeks after the salt treatment was terminated, no interaction was observed due to the 

high degree of recovery of the zooplankton communities.  

Seasonal succession of the zooplankton community resulted in different effect sizes of 

salinity stress. As expected, zooplankton communities under control conditions changed 

throughout the season. While cladoceran biomass in control groups was consistent through time, 

their abundance increased in later summer because the assembly shifted from large, less abundant 

organisms (e.g., Daphnia spp.) in early and mid-summer to smaller-sized, more abundant 

cladocerans (e.g., Chydorus and Alona sp.) in late summer. Copepod nauplii and rotifers were 

also more prolific in late summer than earlier in the season. Copepodids and adult copepod 

metrics did not change much during the course of the experiment. Large cladocerans, such as 

daphniids, that are vulnerable to salinity stress in other studies (e.g., Gonçalves et al. 2007; Hintz 

& Relyea 2017), were the main contributors to salt-induced biomass decline and compositional 

changes in early and mid-summer in the experiment. The substantial impact of salt on 

zooplankton communities in late summer was because of the reduction in nauplii, which are also 

known to be sensitive to elevated salinity (e.g., Hintz et al. 2017), as well as smaller-sized 

cladoceran. Additionally, in all three scenarios, salt treatment resulted in a shift in rotifer species 

composition with Keratella being replaced by more salt-tolerant Anuraeopsis, which was also 

observed in a previous mesocosm experiment (Sun & Arnott 2022).  
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Our results suggest that temporal fluctuations in the abundance of salt-tolerant/sensitive 

species and individuals can produce different responses to salt stress. The temporal variation in 

responses to stressors should be considered when zooplankton are used as biological indicators 

that signal changes in lake and pond conditions (e.g., Farkas et al. 2003), as impacts are 

associated with the successional stage of the community. Other studies have also found seasonal 

variation in response to stressors. For example, Baggini et al. (2014) demonstrated that seasonal 

variation in species composition in the benthic macroalgal community strongly affected their 

response to ocean acidification.  

Recovery potential usually varies among species, and smaller organisms tend to recover 

faster since they grow more rapidly (Levy et al. 2007; Gollner et al. 2017). Zooplankton 

communities recovered partially after being removed from high-salt conditions. The increase in 

total zooplankton abundance was more profound than that of total biomass, indicating that the 

recovery was to a large extent driven by small-sized organisms, including nauplii, small 

cladoceran, and rotifer taxa. An important caveat of our study is that dispersal from other aquatic 

habitats and sediments did not happen in our experiment, thus recovery may have been slower 

than in systems where individuals can disperse into the disrupted system (Leibold et al. 2004). 

Previous research showed that the dispersal of organisms from nearby habitats can bring new 

species and individuals to the system which may rescue the community from perturbation (Bell, 

2017) and facilitate recovery (Binks et al. 2005; Sinclair & Arnott 2018). What is more, we found 

a large within-treatment variation in the degree of recovery when there was a 6-week recovery 
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period, demonstrating stochasticity in the community recovery process. Since the abiotic 

conditions (i.e., specific conductance, DO, and temperature) did not vary much among 

mesocosms and there was no food scarcity, the variation likely reflects the intraspecific variation 

in the recovery potential.  

We also found that the recovery of community composition is slow and uncertain. Although 

community composition in our salt treatments shifted toward that of the undisturbed control 

during the recovery period, they remained different, even after six weeks of recovery. For some 

species, the salinity treatment was not extreme enough to extirpate them, thus allowing for 

population re-growth of salt-sensitive species. However, some species, such as Bosmina, 

Chydorus, and Daphnia ambigua, did not completely recover within the course of our research. 

This suggests that the ecological functioning of zooplankton, for instance as algae grazers and 

food for macroinvertebrates and fish, might remain compromised by the end of recovery periods 

(Hillebrand & Kunze 2020). According to a meta-analysis conducted by Hillebrand and Kunze 

(2020), even though the abundance, biomass, and univariate biodiversity measures of disturbed 

communities often resembled controls after recovery, multivariate community composition 

remained different from the control in most studies. This indicates that compositional aspects are 

more vulnerable to carry-over effects of pulse perturbations (Hillebrand & Kunze 2020). Further 

studies are required to investigate whether a community can achieve full compositional and 

functional recovery as well as the influential factor and time scale of the recovery.  
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Our heatwave treatment impaired total zooplankton abundance, biomass, and richness, and 

the effect sizes were similar to those of the salt treatment with a 0-week recovery. The heat 

treatment also altered community composition, but the shift was not as noticeable as the salt 

treatment. Similar results were also demonstrated in other studies (e.g., Huber et al. 2010; Sun & 

Arnott 2022). Taking into account the critical role that zooplankton play in aquatic food webs, 

our results demonstrate that, despite the short duration, this pulse stressor can have a substantial 

impact on the ecological conditions of freshwater habitats. Since heatwaves are likely to become 

more intensified, prolonged, and frequent (IPCC 2021), their impacts may be increasingly serious 

in the future. We ended the experiment and collected the last sample immediately after the 

heatwave treatment, thus did not examine carry-over effects or community recovery from 

heatwaves, which is worth exploring in future research given the predicted dramatic 

intensification of heatwaves (IPCC 2021). 

Our results suggested that zooplankton communities were antagonistically affected by salt 

and heatwave when there was a 0 or 3-week recovery, but not in a 6-week recovery time 

scenario. Interactions were also found for cladoceran and nauplii abundance and biomass in 0 or 

3-week recovery, but not the 6-week recovery scenario. These findings confirm our hypothesis 

that the interactions change when there are different time intervals between stressors. Our 

communities contained taxa and individuals that are sensitive to both salt and heatwave 

conditions, such as Chydorus, Daphnia, Keratella, and nauplii. When there was no recovery time 

between treatments, heatwave impacts were masked by the previous salinity treatment because 
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sensitive individuals were previously eliminated by salt stress and, as a result, subsequent heat 

treatments did not generate further effects on the communities. Similar community composition 

between SH-late and S-late treatments supports this assertion. Our results are congruent with 

Vinebrooke and colleagues’ (2004) statement that when species tolerances to two stressors are 

positively correlated, exposure to stressor A can make the surviving community more tolerant to 

stressor B, causing antagonism between stressors, which they called “stress-induced community 

tolerance”. When we provided a longer recovery time (six weeks), some heat-sensitive species 

and individuals recovered, and no interaction was observed between the stressors for any 

response variable. It is important to recognize the antagonistic effect between salt and heat stress 

because otherwise, this could lead to an underestimation of heatwave impacts. 

After a 6-week recovery, the assemblage composition of recovering communities had 

shifted toward the undisturbed condition. But heat caused greater compositional changes in SH-

early communities than in the Control. This pattern of compositional response to heat treatment 

reveals legacy effects from previous salt treatments on zooplankton responses to a subsequent 

heatwave condition. This suggests that the populations or individuals in the recovering 

communities were more vulnerable to heatwaves than the undisturbed ones in control. A possible 

mechanism is that the prior salinity stress eliminated some heat-resistant individuals, and the 

populations that were initiated from the survived individuals had different genetic compositions 

and are more vulnerable to heatwaves compared to the Control. This could happen as an earlier 

stressor can impair the genetic diversity of a population that affects its genetic composition and 
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therefore response to future disturbances (i.e., multiple stressors differential tolerance hypothesis; 

Ribeiro & Lopes 2013). Another potential mechanism is that there was a legacy effect of salt 

treatment on organismal physiology, which compromised the physiological responses to heat 

stress. However, considering the length of the recovery period (six weeks), this is unlikely an 

important mechanism since organisms most likely have regained homeostasis by the time of heat 

exposure (Könemann et al. 2022). A few studies have demonstrated that communities 

experiencing recurring exposure to the same stressor develop superior tolerance to the stressor as 

earlier exposure would select for resistant species and individuals (e.g., Fugère et al. 2020). But it 

remains unclear how the influence changes when the stressors are different, necessitating further 

investigations on this issue.  

Our finding that heatwave conditions impeded zooplankton community recovery has 

important practical implications. Local management usually focuses on addressing local stressors 

(Brown et al. 2013). However, we suggest that additional initiatives should also be implemented 

to buffer the system from damage by global scale stressors (e.g., climate change). For instance, in 

regions that are experiencing freshwater salinization and likely to encounter heatwaves, other 

than reducing salt inputs into water bodies, local actions, such as increasing inflow or reducing 

extraction of water (to slow down the increase in water temperature) and making sure that 

dispersal corridors (such as river connections) remain open, can be taken to reduce potential 

heatwave damages on the recovering ecosystem. Climate change generates many uncertainties 

that challenge the efforts of ecological conservation and restoration (Wiens & Hobbs 2015). But 
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information on the impacts of extreme events attributed to climate change on the ecosystem 

recovery process remains very limited, obstructing the management of freshwater systems 

(González et al. 2021). 

3.6 Conclusion  

Our findings emphasize the necessity of taking the timing of stressor exposure as well as the 

temporal variation of community composition into account when assessing the effects of 

stressors, particularly when using these organisms as biological indicators of impacts. We found 

a legacy effect of salinization on community structure and recovery processes, which makes it 

possible for stressors to interact even when they do not occur simultaneously. Understanding the 

recovery process is essential for ecological conservation and restoration, and more studies should 

be done to explore the process and time scale of communities’ recovery from pulse stressors.  

Ecosystems can be disturbed collectively by local (e.g., elevated salinity) and global scale 

(e.g., climate change) stressors. Identifying interactive effects between multiple stressors is 

critical for determining the expected outcome of conservation strategies, especially when local 

management actions can only tackle local stressors and have little to do with larger-scale ones 

(Brown et al. 2013). Our findings imply that the interaction between asynchronously occurring 

stressors changes with recovery time between them, suggesting that the determination of multiple 

stressors effects should consider not only the nature of stressors but also the timing of them. 

These are important as managing stressors without concrete knowledge of their combined effects 

may lead to less-than-expected benefits (Brown et al. 2013).  
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Chapter 4. Evolved Tolerance to NaCl Does Not Alter Daphnia Response to Acute Heat 

Stress 
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4.1 Abstract 

Adaptation to one stressor can influence organismal responses to future environmental 

changes, either to the same or a novel stressor. But there is a lack of research on this topic, 

particularly in the context of freshwater habitats. Fluctuating salinity and heatwaves that are 

becoming more frequent and intensified are affecting freshwater ecosystems. We applied an 

experimental evolutionary approach to examine the influence of adaptation to elevated salinity on 

the population’s responses to subsequent salt and heat stress. We conducted lab experiments 

using Daphnia pulicaria cultured from individuals with previous 8-week exposure history to two 

salinity treatments (6.5 or 350 mg Cl-/L). Iso-female lines with or without prior exposure to 

elevated salinity were assayed along a salt gradient (18.5 to 1500 mg Cl-/L) or an acute heat 

gradient treatment (20 to 35℃). Our results showed that Daphnia survival, fecundity, and body 

length growth rate declined with increased salt concentration, with survival and fecundity being 

most sensitive. The treatment group with previous salt exposure history had higher survival and 

fecundity than the naïve treatment group when treated with salt, without loss of fitness under 

low-salinity conditions. Daphnia survival and growth rates were reduced in temperatures higher 

than 30℃. Despite the fact that the two stressors can induce similar defense mechanisms, 

previous exposure history to salt did not prevent Daphnia populations from experiencing reduced 

survival and growth rates under heated conditions. Our work demonstrates that organisms can 

rapidly adapt to a stressor that protects them from later exposure to increases in this stressor, 
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without a trade-off in fitness under undisturbed conditions, but this evolved tolerance cannot 

protect them from all levels of this stressor or alleviate damage by a novel one.  

4.2 Introduction 

Rapid evolution, which has been widely observed in populations ranging from microbes to 

vertebrates, allows species to persist in otherwise unfavorable conditions (Hairston et al. 2005; 

Visser 2008; Bell & Gonzalez 2009; Nadeau & Urban 2019), but it is unclear how adaptation to 

one stressor will influence population responses to subsequent stressors. Despite the large interest 

in rapid evolution (Hairston et al. 2005; Nadeau & Urban 2019), there is limited knowledge about 

evolutionary responses to multiple stressors which can occur asynchronously and interactively 

affect population responses (Jackson et al. 2021). Adaptation to a previous stressor can 

potentially affect the response to a subsequent one through several mechanisms. For example, 

adaptation to one stressor might result in increased susceptibility to a second stressor (Moe et al. 

2013) through antagonistic pleiotropy, where one gene is associated with multiple traits, and at 

least one of these traits benefits the organism in an environment and at least one of these traits is 

deleterious in a new environment (Williams 1957). Thus, if an organism’s responses to two 

stressors are associated with the same gene, evolved tolerance to one stressor may result in 

reduced resistance to the other (Anderson et al. 2013). Interactions between asynchronously 

occurring stressors may also occur if the loci determining sensitivity to the two stressors are 

linked; the directional selection induced by the first stressor may promote genetic erosion, 

consequently decreasing the probability of having individuals that are tolerant to the subsequent 
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novel stressor and compromising population resilience (i.e., multiple stressors differential 

tolerance hypothesis, Ribeiro & Lopes 2013). Adaptation to a stressor may also result in a 

beneficial response to a second novel stressor if both stressors induce the same defence response 

and/or repair mechanism (Bubliy & Loeschcke 2005). For instance, Marquis and colleagues 

(2009) suggested that frog populations that adapted to UV-B had evolved ability to prevent 

and/or repair UV-B caused DNA damage, which further protected these populations from DNA 

damage triggered by benzo[a]pyrene. Similarly, Liu et al. (2019) demonstrated that adaptation to 

high salinity in native plant species, Merremia hederacea and Sida acuta, promoted their 

tolerance to subsequent drought. However, such cross-tolerance was not seen in invasive plant 

species Mikania micrantha and Bidens Pilosa, suggesting interspecific variation in response to 

stressors (Liu et al. 2019). Even within species, there can be varied responses to multiple 

stressors. Orr et al. (2022) found that evolved salt tolerance in one population of rotifers 

(Brachionus calyciflorus) resulted in a reduced growth rate when exposed to copper, whereas in 

other salt-adapted populations the growth rate of rotifers was unaffected by copper. More 

research is needed to understand how key aquatic species, such as Daphnia, respond to 

asynchronously occurring stressors that are common in lake ecosystems.  

Freshwater salinization is an emerging issue with salinity levels in freshwater lakes 

increasing because of human activities (Baek et al. 2014; Rogora et al. 2015; Dugan et al. 2020; 

Shenton et al. 2022; Sorichetti et al. 2022). Salt comes from multiple sources, including 

agricultural, industrial, and residential runoff, as well as the application of de-icing salts in 
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regions experiencing cold winters (Novotny & Stefan 2010; Cañedo-Argüelles et al. 2016; 

Kaushal et al. 2018; Hintz & Relyea 2019). In winter and spring, large amounts of de-icing salt 

can be flushed into waterbodies with melting snow and ice, causing seasonal fluctuations in lake 

salt concentration (Oswald et al. 2019; Lawson & Jackson 2021). Chloride (Cl-) concentration is 

often used to monitor salinity since it is not biologically transformed and is contained in many 

salts polluting lakes. Studies have predicted that Cl- concentration in many freshwater lakes and 

ponds will keep rising in the future and may exceed thresholds for freshwater life (Dugan et al. 

2017a; Dugan et al. 2020). Increases in environmental Cl- concentration can adversely affect 

osmoregulation, metabolism, and water balance, trigger oxidative damage, and cause increased 

energy consumption (Velasco et al. 2019), which can subsequently result in slower growth rate, 

delayed maturity, smaller female body size, decreased fecundity, and higher mortality rate in 

Daphnia (e.g., Gonçalves et al. 2007; Ghazy et al. 2009), Ceriodaphnia (e.g., Sarma et al. 2006), 

and copepod (e.g., Beyrend-Dur et al. 2009; Castaño-Sánchez et al. 2020) populations.  

There is some evidence that populations exposed to elevated salinity can be rescued from 

extinction by rapid evolution (Gomulkiewicz & Holt 1995; Bell & Gonzalez 2009). Bell and 

Gonzalez (2009) found that yeast populations exposed to a lethal salt concentration (125 g/L 

sodium chloride, NaCl) initially decreased but then experienced subsequent population growth 

through adaptation (i.e., evolutionary rescue) within 25 generations. Coldsnow et al. (2017) also 

demonstrated rapid evolution in Daphnia populations that were experimentally exposed to high 

Cl- concentration treatments (100-1000 mg Cl-/L) for 2.5 months (about 7-8 generations), 
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resulting in lower mortality, compared to control populations, when later treated with 1300 mg 

Cl-/L for 48 hours. However, Coldsnow and colleagues (2017) did not examine the effects on 

other life-history traits, such as growth rate, fecundity, and long-term survival, which are 

important for understanding the long-term implications of evolution (Urban et al. 2016). Using 

the same evolved populations of Daphnia, Hintz and colleagues (2019) found that evolved salt 

tolerance came with a cost of slower early-stage population growth, but they could not untangle 

what specific life-history characteristics contributed to their finding. 

Understanding how evolved salt tolerance impacts population responses to other stressors, 

such as climate change, is critical because the frequency and intensity of extreme climatic events, 

such as heatwaves, are projected to keep rising with climate change (IPCC 2021). Heatwave 

events cause the temperature to increase expeditiously, possibly exceeding the tolerance limits of 

sensitive organisms (Woolway et al. 2021). Heat stress can destroy proteins, increase oxidative 

molecules, and impact essential functions, and organisms respond to it mainly by upregulating 

antioxidant enzymes as well as heat shock proteins (HSPs) to fix or breakdown damaged proteins 

and harmful molecules (Todgham et al. 2005; Stillman 2019; Mottola et al. 2020). Extreme 

temperatures during spring or summer heatwave events can impair performance and even 

survival of some species, despite their short duration (Chen & Folt 2002; Pansch et al. 2018; 

Stillman 2019).  

Fluctuations in lake salinity and heatwaves are likely to co-occur simultaneously or 

asynchronously. While some studies have suggested that prolonged salt stress may induce 
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adaptative changes, the influence of evolved tolerance to elevated salinity on population response 

to heatwaves has not been explored (Stoks et al. 2014), leaving a knowledge gap in our 

understanding of consequences of future disturbances under climate change.  

We applied an experimental evolution approach to determine whether prior salt treatment 

leads to evolved salt tolerance in freshwater animals that subsequently influences their responses 

to extreme heat stress. We conducted life-history experiments using iso-female lines of Daphnia 

pulicaria from populations that were exposed to ambient (6 mg Cl-/L) or elevated salinity (350 

mg Cl-/L) for 8 weeks during a mesocosm experiment (Sun & Arnott 2022). We hypothesized 

that populations with previous exposure to elevated salinity would have evolved an increased 

tolerance to salinity. We also hypothesized that Daphnia populations with previous exposure 

history would be more resistant to heat stress than naïve populations because the improved 

antioxidant capacity and HSPs production are both mechanisms of adaptation to salinity (Sairam 

et al. 2002; Bartels & Sunkar 2005; Kartashov et al. 2008; Hossain et al. 2016; Ding et al. 2019), 

which can potentially buffer organisms from heat-caused oxidative damages.  

4.3 Materials and Methods 

4.3.1 Daphnia Collection and Culturing  

Daphnia plays a pivotal role in aquatic food webs by connecting nutrient and energy flow 

from primary producers to higher trophic levels (Fink et al. 2011; Miner et al. 2012). For this 

study, we used Daphnia pulicaria populations that were collected at the end of a mesocosm 

experiment that exposed freshwater zooplankton communities to ambient or elevated NaCl 



101 

 

conditions (Sun and Arnott 2022). The mesocosm experiment was conducted at Queen’s 

University Biological Station (QUBS) from June 24th to August 23rd, 2019. Mesocosms were 

filled with 180 L of water from Lake Opinicon and stocked at ambient concentrations with algae 

and zooplankton (initial community numerically dominated by the rotifer Keratella, D. pulicaria 

initial density: 3.80 individuals/L) from six lakes around QUBS. The experiment had six 

treatments groups (each with seven replicates) that included control (6 mg Cl-/L), elevated 

salinity (350 mg Cl-/L, achieved by adding laboratory-grade NaCl, Thermo Fisher Scientific Inc., 

Massachusetts, US), and heat treatments. On August 19th, eight weeks after the experiment 

started, but before applying the heat treatment, we collected 20 D. pulicaria from each of six 

mesocosms – three no-salt-addition and three salt-treated mesocosms. The eight-week period 

would be enough time for the Daphnia populations to undergo five to seven generations. 

Daphnia were kept individually in test tubes filled with water from Lake Opinicon for one 

week while we were in the field, and fed with Scenedesmus obliquus that was cultured in Bold’s 

Basal Medium (BBM) at 20 °C and with a 16:8 h light:dark cycle. Before feeding Daphnia, algae 

were settled in 50 mL centrifuge tubes and BBM was replaced with COMBO medium. Daphnia 

were then transferred to the lab and cultured as iso-female lines in 80 ml of COMBO medium 

(Kilham et al., 1998) in 100 ml jars and fed with S. obliquus for four months before experiments 

began. Daphnia were kept in incubators set at 20 °C with a 16:8 light:dark cycle. Individual jars 

were maintained with no more than 30 Daphnia. We only used iso-female lines in which 

ephippia (i.e., resting eggs) were never seen for later experiments. In January 2020, we randomly 
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selected nine iso-female lines of Daphnia from each of the two exposure history treatment 

groups, without (NSE, non-salt-exposure) and with (SE, salt-exposed) previous exposure to salt 

treatment during the mesocosm experiment. We did not perform genomic analysis on these iso-

female lines so do not know if they are genetically distinct, but we assumed they were 

representative of the genetic variation present in Daphnia in the exposure history treatment 

groups. To standardize maternal conditions before our life-history experiments, we isolated three 

Daphnia neonates (<24 h old) from each iso-female line and kept them individually in 30 ml 

glass culture tubes containing 20 ml of COMBO medium. Media was changed every other day 

and each Daphnia was fed with 1.0 mg C/L/day of S. obliquus. The first brood was discarded and 

neonates from the second brood were transferred to individual 30-mL culture tubes. We used 

genetically identical, <24 h old neonates from the second and third brood of the 2nd generation of 

Daphnia for the experiments. An experimental design diagram is provided in Appendix C Figure 

C1. 

4.3.2 Salt Tolerance Experiment  

Ten genetically identical Daphnia individuals from the same iso-female line were grown 

together in 100 ml jars containing 90 ml of COMBO amended with NaCl to achieve eight levels 

of Cl- (COMBO, 50, 250, 500, 750, 1000, 1500, and 2000 mg/L; Appendix C - Table C1) for 21 

days to test for evolved tolerance to salinity stress. These Cl- concentrations have been detected 

in freshwater bodies in Europe and North America (Rogora et al. 2015; Iglesias 2020; Kaushal et 

al. 2021). Cl- concentration was used as a signal for salinity because it is an anion associated with 
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many salts, but we recognize that different cations will result in different toxicities (Erickson et 

al. 2022). The experiment was repeated using nine different iso-female lines with exposure 

history (SE) and nine lines without prior exposure (NSE) during the mesocosm experiment. The 

life-history experiment was conducted at 20 °C, under 16:8 h light:dark conditions. The test 

medium was renewed every 48 hours and daphniids were fed with 1.0 mg C/L/day of S. obliquus. 

We allowed all the algae to settle and replaced BBM with the corresponding medium, before 

adding them to the jars to avoid the alteration of Cl- levels. Treatments were randomly distributed 

in the incubator.  

Survival and the total number of neonates were recorded every day for each treatment 

during the 21-day bioassay. We discarded neonates that were produced each day. To determine 

the body length growth rate of individuals, we randomly selected 5 individual Daphnia from each 

jar on day-0 and day-7 of the experiment and measured their body length using a Leica M165 C 

dissecting scope (Wetzlar, Germany). The body length of each Daphnia was measured from the 

top of the head to the end of the carapace (excluding the tail spine). They were released back to 

their jars immediately after measurement. 

4.3.3 Heat Tolerance Experiment 

Daphnia populations were exposed to five different temperature levels (20, 25, 30, 32 and 

35 ℃) for 72 hours in darkness to test for tolerance to acute heat stress. A 72-hour exposure was 

chosen because it is a common duration of heatwaves in meteorology studies (Robinson 2001; 

Schoetter et al. 2015; Lee et al. 2016). Ten genetically identical, <24 h old neonates were 
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exposed to each temperature treatment in 90 ml of COMBO medium. Daphniids were fed with 

1.0 mg C/L/day of S. obliquus every other day. The experiment was repeated using nine different 

iso-female lines with and without a history of exposure to salt. To study the acute effect of heat 

on Daphnia at different life stages, we repeated the experiment using 7-day-old Daphnia. 

Survival of each population was recorded at the end of the 72-hour experiment. 

Additionally, 5 neonates were randomly picked from each jar at the beginning and the end of the 

experiment to measure body length. They were released back to their jars immediately after the 

measurements. 

4.3.4 Data Analysis 

All the data analyses were performed in R 4.1.2 (R Core Team 2021) using “lme4” (Bates et 

al. 2015), “ecotox” (Hlina 2021), and “drc” (Ritz & Strebig 2016) packages. The body length of 

Daphnia neonates on day-0 was the same across all treatments, thus the growth rate was 

calculated by subtracting day-0 body length from day-7 body length, and set as NA for the 

individuals that died before day-7. Analytical Cl- concentrations were used for generating figures 

and data analyses (Appendix C - Table C1). Dose-response curves were fitted using logistic 

regression. To determine factors driving Daphnia life-history responses, we used generalized 

linear mixed-effects models (GLMMs) with model predictors including a fixed numerical 

variable representing the Cl- treatment and a fixed categorical variable representing the previous 

salt exposure history. We initially included mesocosm origin for each Daphnia as a random 

factor. The effect of mesocosm origin was determined by comparing the Akaike information 
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criterion (AIC) values of the model with and without the random factor. We did not detect any 

effect of the random factor, thus, linear models (LM, all traits except fecundity) and generalized 

linear model (GLM, fecundity) with negative binomial distribution were employed to examine 

the effects of treatments on Daphnia life-history responses. The best-fit distributions were 

determined based on the AIC scores with a lower AIC value indicating a better fit to the data. The 

first step was to use AIC scores to select the distribution (the one with lowest AIC score was 

chosen). Then, we selected the link function. Using the distribution identified in the first step, we 

established models using different link functions and obtained the AIC score for each model. The 

primary criterion was still the AIC score, but when multiple models had similar (within 2 units of 

AIC score), low AIC scores, identity link (or canonical link) was chosen.  

To compare the effects of Cl- between exposure history treatment groups in the salt 

tolerance experiment, the Cl- concentration for 50% lethality (LC50) and 50% effect (EC50; body 

length growth rate and fecundity) of NSE and SE Daphnia populations were calculated. For the 

heat tolerance experiment, the temperature for 50% lethality (LT50) and 50% effect (ET50; 

neonate’s growth rate) of Daphnia treatment groups were calculated. EC50, ET50, LC50, and LT50 

values for each previous exposure treatment group with (SE) and without previous (NSE) salt 

exposure were statistically compared by applying Welch two-sample t-tests in base R.  

4.4 Results 

4.4.1 Salt Tolerance Experiment 
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Our results showed that Daphnia 21-day survival (LM, p < 0.001), fecundity (GLM, p < 

0.001), and 7-day body length growth rate (LM, p < 0.001) decreased with the increase of Cl- 

concentrations (Figure 4.1&2; Appendix C - Table C2). No individual survived in 1500 or 2000 

mg Cl-/L treatments by the end of the experiment. Although the three variables had similar 

trends, survival and fecundity started to decrease at a lower Cl- concentration, and thus tended to 

be more sensitive to salt, than growth rate (Figure 4.1&2). We found an effect of previous salt 

exposure history on Daphnia survival, fecundity, and growth (LM & GLM, p ≤ 0.003, Figure 

4.1&2, Appendix C - Table C2). The LC50 of the treatment group with salt exposure history was 

695 ± 194.9 mg Cl-/L, which was higher than that of the naïve treatment group (no exposure 

history; 406 ± 343.6 mg Cl-/L; t-test, p < 0.001). The same effect was observed for fecundity 

(NSE EC50=371 ± 194.8 mg Cl-/L, SE EC50=688 ± 206.8 mg Cl-/L; t-test, p = 0.004). Although 

previous salt exposure affected the salt treatment impacts on the 7-day body length growth rates 

of the two populations (LM, p < 0.001, Figure 4.2), their EC50 values were very close with 

largely overlapping confidence intervals (Appendix C - Figure C2). But we found that the NSE 

treatment group had a lower EC10 than the SE treatment group (t-test, p = 0.042). The LMs and 
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GLM did not support an interaction between salt treatments and exposure history on Daphnia 

life-history traits. 

  

Figure 4.1. Dose-response curves for the survival of Daphnia treatment groups without (solid dots, solid line, 

NSE) and with (triangles, dashed line, SE) previous exposure history in response to log-transformed Cl- 

concentration gradient. Points jittered to aid in visualization. The shading areas represent 95% confidence 

intervals on the fitted values. 
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4.4.2 Heat Tolerance Experiment 

We found that the survival of Daphnia neonates (LM, p < 0.001) and adults (LM, p < 0.001) 

declined with the increase in water temperature; however, younger individuals tended to be more 

tolerant to heat than older ones (Figure 4.3; Appendix C - Table C2). The LT50 of neonates was 

about 2 ℃ higher than that of adults (t-test, p = 0.002). No individual survived the 35 ℃ 

Figure 4.2. Dose-response curves for the fecundity (a) and 7-day growth (b) of Daphnia treatment groups without 

(solid dots, NSE) and with (triangles, SE) previous exposure history in response to log-transformed Cl- 

concentration gradient. Dots and triangles represent the mean response values at each concentration. Error bars 

represent standard deviations. Growth data for 1500 and 2000 mg Cl-/L were not shown because no individual 

survived by day-7 in those treatments. 
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treatment by the end of the experiment. On the other hand, the 72-hour body length growth rate 

of Daphnia neonates slightly increased as temperature increased from 20 ℃ to 25 ℃, then started 

to decrease in response to higher heat treatments (Figure 4.4). Similar to the salt tolerance 

experiment, Daphnia survival was more sensitive to heat than the growth rate. Moreover, the 

LT50 and ET50 of treatment groups with and without prior exposure history were similar, 

suggesting that there was no effect of previous salt exposure history on Daphnia responses to the 

temperature treatments (Figure 4.3&4; Appendix C - Figure C3). The LMs did not support an 

interaction between temperature treatments and exposure history.  

Figure 4.3. Temperature-response curves for the survival of the Daphnia neonates (a) and adults (b) treatment 

groups without (solid dots, solid line, NSE) and with (triangles, dashed line, SE) previous exposure history. Points 

jittered to aid in visualization. The shading areas represent 95% confidence intervals on the fitted values. 
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4.5 Discussion 

Our experiments demonstrated that Daphnia with a previous history of exposure to elevated 

salt concentration showed better survival and fecundity when exposed to salt, however, such 

improved tolerance was not noted in body growth rate. No effect of prior salt exposure on 

Daphnia tolerance to acute heat stress was observed. Individually, increases in salt concentration 

and heat stress both negatively impacted Daphnia populations.  

Daphnia survival, fecundity, and body length growth rate all declined as Cl- concentration 

increased, which was consistent with outcomes from other studies (Gonçalves et al. 2007; Ghazy 

et al. 2009). In our experiment, these life-history traits were found to be tolerant to the low-

moderate salt concentration (i.e., 50 mg Cl-/L) as the responses were similar for 50 mg Cl-/L and 

the control (17.27 mg Cl-/L). Our results contrast with Arnott et al. (2020; in softwater FLAMES 

Figure 4.4. Temperature-response curves for the 72-hour growth of Daphnia neonate treatment groups without (solid 

dots, NSE) and with (triangles, SE) previous salt exposure history. Dots and triangles represent the mean response 

values at each concentration. Error bars represent standard deviations. Data for 35 ℃ were not shown because no 

individual survived in that treatment. 
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medium) who showed that the fecundity of D. pulicaria started to drop when the Cl- 

concentration was greater than 5.47 mg/L. Another study that explored salt tolerance in 

cladoceran Pseudosida ramosa (using NaCl) revealed that the total number of neonates started to 

decline at 25 mg Na+/L (about 38.59 mg Cl-/L) in 21-day bioassays (Freitas & Rocha 2011). It is 

possible that differences in the water hardness of the media were responsible for these contrasting 

results (Elphick et al. 2011). 

The LC50 and EC50 for fecundity were much lower than the seven-day growth rate EC50, 

suggesting that survival and fecundity were more sensitive to salt than the body length growth 

rate. Likewise, experiments that studied Daphnia magna (Ghazy et al. 2009) and earthworm 

Eisenia fetida (Rahimi & Karimi 2016) responses to elevated salinity found that while the 

survival, fecundity, and body length and weight growth rate decreased with the increase of salt 

concentration, the decline in survival and/or fecundity was always greater than that of the growth 

rate. These results indicate that, even under stressful conditions, the allocation of energy to 

growth occurs. Since grazing rates and reproduction increase with body size in Daphnia 

(Kreutzer & Lampert 1999), this strategy could partially compensate for the energetic cost of 

osmoregulation as well as be beneficial to future fitness (Coeurdassier et al. 2003).  

Our results support our first hypothesis that Daphnia populations from elevated salinity 

treatments during our summer mesocosm experiment in 2019 evolved tolerance to salt stress. 

Since Daphnia iso-female lines were cultured under the same conditions in the lab for several 

months before the experiment began, the differences in responses between populations were not 
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caused by acclimation. We do not know the exact underlying mechanism for adaptation in our 

populations as no genomic analysis was performed. But, considering the mode of reproduction 

(i.e., mainly parthenogenetic), the exposure duration of the prior salt treatment (i.e., eight weeks, 

roughly 5-7 generations), and low population sizes in salt treatments, the genetic variation that 

selection acted on likely came from the pre-existing variation in Daphnia populations used in the 

mesocosm experiment (Barrett & Schluter 2008; Declerck et al. 2015; Wersebe & Weider 2022). 

Daphnia that were stocked in the mesocosms were collected from lakes with different physical 

and chemical characteristics (Sun & Arnott 2022), which likely increased genetic variation within 

and among mesocosm populations, even though chloride concentrations were low in these lakes. 

Although we could not statistically compare tolerance among our iso-female lines, we found high 

variation in salt tolerance among Daphnia lineages, even after selection during the previous 

mesocosm experiment (Appendix C - Figure C4). Similarly, salt tolerance differed considerably 

among populations of marine eelgrass (Zostera marina L.) from different habitats (Salo et al. 

2014) suggesting high intra-specific variation. By synthesizing data from multiple mesocosms 

and laboratory experiments, Arnott et al. (2022) also found high intraspecific variation in LC50s 

for salt tolerance in multiple zooplankton species, although they could not differentiate genetic 

and environmental sources of variation for the mesocosm studies. 

Another potential mechanism of evolved salt tolerance could be epigenetic changes (i.e., 

changes in gene activity without changing DNA sequence), some of which can be inherited 

across multiple generations (Ashe et al. 2021). Selection on the phenotypic variance caused by 
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the epigenetic changes can lead to adaptive evolution (Shea et al. 2011; Ashe et al. 2021), which 

has been observed for Daphnia exposed to heavy metals (Harris et al. 2012). We were unable to 

determine whether adaptation to increased salinity in the iso-female lines in our study was the 

result of selection on existing variation or epigenetic changes. 

We also found that the evolved tolerance had a limit. Even though prior exposure caused 

milder adverse effects in evolved populations than those of the naïve populations, fitness still 

declined for SE Daphnia populations as Cl- concentration increased (LC50=695 ± 194.9 mg Cl-/L) 

and variation in vulnerability existed among iso-female lines within exposure history treatment 

groups. Moreover, none of the populations with nor without previous exposure history had any 

surviving individuals by the end of the 21-day experiment at 1500 and 2000 mg Cl-/L. In some 

freshwater lakes and rivers, Cl- levels have become higher than 750 mg/L and reached over 1000 

mg/L temporarily in a few freshwater bodies near urbanized regions (Kaushal et al. 2021; 

Lawson & Jackson 2021; Mazumder et al. 2021). The levels have exceeded the threshold even 

for Daphnia with evolved tolerance in our experiment. Although we observed that the selection at 

350 mg Cl-/L improved Daphnia ability to tolerate higher salt concentrations, it remains unclear 

whether selection at a higher concentration would further expand the range and what are the 

associated trade-offs (but see Samani & Bell 2010). In addition, although Daphnia species have 

been found in estuarine/brackish waterbodies (Teschner 1995), there could be great evolutionary 

distance between freshwater and estuarine/brackish species, leading to different abilities to cope 

with salinization (Kefford et al. 2016). Thus, our findings suggest that we cannot fully rely on the 
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rapid evolutionary capacity of species to adapt to disturbance, but instead we should proactively 

control and mitigate salt contamination.  

No difference in the body length growth rate EC50 was found between exposure history 

treatment groups, but the NSE treatment group had a lower EC10 than the SE treatment group. 

This demonstrates that the Daphnia from the SE treatment group had a higher low-effect 

threshold, but there was no difference in impact at higher concentrations of salt. Additionally, the 

improvement of survival and reproduction did not sacrifice early-stage growth, thus we did not 

detect a trade-off among traits in our experiment. While some studies reported trade-offs between 

traits when organisms were adapting to stressful conditions (e.g., egg-to-adult survival and 

learning ability in Drosophila, Kolss & Kawecki 2008; egg number and egg size in mites 

Rhizoglyphus robini, Plesnar-Bielak et al. 2013), others did not find sufficient evidence for trade-

offs as costs of evolved tolerance (e.g., competitive ability and colonization rate in lichen, Pastore 

et al. 2014; water saving and oxygen uptake in terrestrial isopods, Antoł et al. 2021). A reason for 

the various outcomes is that factors, including the magnitude of stressors, resource availability, 

and species, may collectively affect the occurrence of trade-offs, resulting in uncertainties (Liu et 

al. 2019; Garland et al. 2022). Additionally, only three traits were examined in our study, and, 

according to previous studies on diverse stressors, it is possible that the extra energy allocated to 

improve tolerance might come from other critical traits, such as swimming speed (Fraebel et al. 

2017), longevity (Maklakov & Chapman 2019), or anti-predation morphology (Rice et al. 2021). 

These traits are crucial for population growth and interspecific interaction, and further research is 
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required to investigate how they could be influenced by the adaptation process to salinity stress. 

Furthermore, the Daphnia populations with previous exposure did not have poorer performance 

at low Cl- concentrations than the naïve population, implying that their salinity tolerance limit 

was extended. Populations could adapt to a changing environment by shifting the tolerance limits 

which sometimes causes a loss of fitness under undisturbed conditions (e.g., Stillman & Paganini 

2015; Hintz et al. 2019), or by expanding the upper or lower tolerance limit (Donelson et al. 

2019). In our case, we did not observe a trade-off at low Cl- levels which could be because all the 

lakes where Daphnia were initially collected from had low Cl- concentrations (lower than the 

control level), thus they had a broad range of tolerance limits and performed well at low levels. 

Similarly, Latta and colleagues (2012) suggested that, in the Daphnia pulex populations from 

near Churchill (Manitoba, Canada), the evolution of salt tolerance did not incur a higher cost of 

transcription or a loss of fitness (e.g., clutch sizes and intrinsic rate of natural increase) at low 

salinity.  

Acute heat treatments reduced Daphnia neonate and adult survival, and the LT50 of the 

neonates was greater than that of the adults, inferring better tolerance. Similarly, results of an 

experiment looking at the vertical migration patterns of Daphnia neonates and egg-bearing adults 

suggested that neonates preferred warmer surface waters, while adults stayed mostly at the 

cooler, food-enriched depths, because neonates required a warmer environment for rapid growth 

and had lower feeding requirements (Kessler 2004). In our experiment, we fed all the populations 

with the same amount of and enough food so food availability should not be a limitation. We 
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indeed found that neonate body length growth rate slightly increased at 25℃ compared to 20℃ 

and 30℃. Many studies have concluded that smaller body-sized individuals were favoured under 

warmer temperatures due to advantages in metabolism demand and efficiency (Daufresne et al. 

2009; Verberk et al. 2021; Walczyńska et al. 2021). Our findings are consistent with those 

studies. Another potentially influential factor is that these two life stages have different energetic 

allocation strategies, as neonates spend lots of energy on growth and general maintenance and 

adults devote a significant amount of energy to reproduction (Wagner et al. 2017). This 

difference may also impact their responses to the temperature treatment.  

We did not observe any difference in the tolerance to heat between Daphnia treatment 

groups with and without previous salt exposure history. This deviated from our second 

hypothesis that previous salt exposure history would improve Daphnia tolerance to heat stress. In 

our study, the adaptive mechanisms associated with improved salinity tolerance were 

independent of Daphnia’s ability to repair heat-caused damage and acute heat stress resistance. It 

is possible that the antioxidant capacity and HSPs production of Daphnia populations with 

evolved salt tolerance was not improved, and thus did not protect the organisms from the 

damages caused by heat stress. It is also possible that the salt-adapted populations had a better 

ability to deal with oxidative stress and protein damage, but the improvement was not sufficient 

to make Daphnia resistant to our heat treatments. Since we did not measure the level of 

antioxidant enzymes or HSPs in Daphnia, we can not provide a clear explanation. But our result 

varied from the finding of an earlier study which evinced that local adaptation to high salinity 
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improved heat tolerance in an amphipod species by enhancing its cellular antioxidant capacity 

and increasing baseline levels of glucose (e.g., Vereshchagina et al. 2016). One factor that is 

worth mentioning is the salt-tolerant amphipods in that study were collected from a high-salinity 

lake with a Cl- level of about 2100 mg/L which was much higher than our initial exposure level 

(350 mg/L). The difference in ambient salt concentrations could lead to variation in adaptation 

outcomes. Few studies have investigated this factor, and there is not much information regarding 

how previous exposure levels influence the adaptation process.  

Some previous studies have revealed that the interplay between rapid evolution and response 

to a novel stressor is usually not monotonic and highly context-dependent. For example, an 

experiment on roundworms (Caenorhabditis elegans) showed that NaCl-adapted populations had 

reduced survival in a novel uranium-treated environment compared with naïve populations, but 

uranium-adapted populations grew faster than the control group in a novel salty environment 

because uranium stress potentially selected for rapid growth rate (Dutilleul et al. 2017). The 

results indicate that the same stressors applied in a different order may lead to different 

consequences. Therefore, factors such as the sequence of stressors, the underlying mechanisms 

and outcomes of the adaptation process, the response mechanism to the novel stressor, and 

previous exposure and evolutionary history can all affect the eventual outcome. However, these 

factors and mechanisms have not been well explored, particularly for freshwater animals.  

In conclusion, our experimental evolution work provides insights on how prior moderate-

level salt adaptation affects tolerance to subsequent salinity and heat stress in the context of 
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freshwater habitats. Our findings indicate that Daphnia has the ability to adapt to salt stress. 

Since Cl- level in some freshwater bodies has increased either temporarily or over longer periods 

of time (Dugan et al. 2017a; Kaushal et al. 2021; Mazumder et al. 2021), populations from these 

lakes may be less vulnerable to freshwater salinization than previously predicted due to their 

adaptation potential. But such adaptation has limits. More studies are required to investigate the 

costs of the evolved salt tolerance to better understand the potential of this mechanism and to 

integrate it into predicting future outcomes. Moreover, aquatic systems are experiencing multiple 

disturbances, but sufficient evidence is not available on how previous exposure history to one 

stressor can alter organismal responses to a new one. While we did not find any effect of 

adaptation on heat tolerance, other studies have demonstrated positive or negative impacts of 

prior exposure on the reaction to a subsequent new stressor, with great variation among studies. 

Improving our understanding to this issue will help us better predict outcomes of future 

disturbances and prioritize management strategies. 
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Chapter 5. Elevated Salinity Increases Daphnia Susceptibility to a Subsequent Acute Heat 

Stress 
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5.1 Abstract 

Stressors can interact to affect animal fitness, but we have limited knowledge about how 

temporal variation in stressors may impact their combined effect. This limits our ability to predict 

the outcomes of future dynamic environmental changes. Elevated salinity in freshwater 

ecosystems has been observed worldwide. Meanwhile, heatwaves have become more frequent 

and intensified as an outcome of climate change. These two stressors can jointly affect 

organisms; however, their interaction has rarely been explored in the context of freshwater 

ecosystems. We conducted lab experiments using Daphnia pulicaria, a key species in lakes, to 

investigate how elevated salinity and heatwave conditions collectively affect freshwater 

organisms. We also monitored the impacts of various recovery times between the two stressors. 

Daphnia physiological conditions (metabolic rate, Na+-K+-ATPase (NKA) activity, and lipid 

peroxidation level) and life history traits (survival, fecundity, and growth) in response to salt 

stress as well as mortality in heat treatment were examined. We found that Daphnia responded to 

elevated salinity by upregulating NKA activity and increasing metabolic rate, causing a high lipid 

peroxidation level. Survival, fecundity, and growth were all negatively affected by this stressor. 

These impacts on physiological conditions and life history traits persisted for a few days after the 

end of the exposure. Results also showed that individuals that experienced salt exposure were 

more susceptible to subsequent heat stress, but this effect decreased with increasing recovery 

time between stressors. Findings from this work suggest that the legacy effects from a previous 

stressor can reduce individual resistance to a subsequent stressor, adding great difficulties to the 
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prediction of outcomes of multiple stressors. Our work also demonstrates that cross-

tolerance/susceptibility and the associated mechanisms remain unclear, necessitating further 

investigation. 

5.2 Introduction 

Organisms usually experience multiple stressors in natural environments, yet we have 

limited information on organism persistence in response to these dynamic stressor interactions 

(Gunderson et al., 2016). Generally, environmental stressors can interact in different ways to 

affect animal fitness. Exposure to one stressor may improve tolerance to a subsequent one if the 

two stressors share the same physiological defense mechanisms (i.e., cross-tolerance; Pallarés et 

al., 2017; Todgham et al., 2005). On the other hand, exposure to a stressor may decrease an 

organism’s resistance to another stressor (i.e., cross-susceptibility), which can result from 

energetic costs and physiological trade-offs (Botella-Cruz et al., 2016; Rodgers et al., 2021; 

Todgham et al., 2005). Even though stressor interactions have received increased attention in 

recent years, little is known about how temporal variation in stressors may affect proximate and 

emergent phenotypes. Without a comprehensive understanding of how dynamic stressor 

combinations affect physiological systems, our capacity to predict and model the impacts of 

future multivariate environmental changes will remain limited (Gunderson et al., 2016; Jackson 

et al., 2021). 

The salinization of freshwater ecosystems has become a global environmental issue (Hébert 

et al., 2022; Iglesias, 2020; Sorichetti et al., 2022; Szklarek et al., 2022). Major anthropogenic 
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sources of salinization include agricultural (Rosa, 2022), industrial (Hancock et al., 2005), and 

urban runoff (Hopkins et al., 2022) as well as the application of road de-icing salts (Szklarek et 

al., 2022). Additionally, increased summer evaporation decreases water levels, concentrating ions 

in freshwater habitats (Nielsen & Brock, 2009). Aquatic organisms respond to salinity stress 

through osmoregulatory plasticity, which can have downstream effects on individual fitness, 

population demography, and community functioning — particularly if a keystone species is 

affected (Jaillard et al., 2014). 

Daphnia, a keystone genus that connects energy and nutrient flow between primary 

producers and higher trophic levels in many freshwater ecosystems (Paquette et al., 2022), is 

sensitive to increases in salinity (Arnott et al., 2020; Ghazy et al., 2009). In Daphnia, 

osmoregulation occurs in nuchal organs or epipodites (Aladin & Potts, 1995), where most ion 

transporters rely on the inward gradient of Na+ maintained by Na+-K+-ATPase (NKA; Grosell, 

2013). Thus, many freshwater organisms respond to salinity stress by upregulating the activity of 

NKA (Bal et al., 2021). Since NKA directly consumes ATP, increased NKA activities can have 

major impacts on whole-animal energy budgets (Haller et al., 2015). As a result, increases in 

metabolic rate often reflect these greater energy demands and can lead to the accumulation of 

reactive oxygen species (ROS), a by-product of oxidative phosphorylation (Bal et al., 2021). 

Excessive amounts of ROS can damage virtually all cellular components, including DNA, 

proteins, and lipids (Ozgur et al., 2013). Thus, salt damage may result in suboptimal 

physiological conditions and energy imbalance, which can lead to reduced survival, fecundity, 
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and growth (Ghazy et al., 2009). However, it is unclear how long plastic responses to increased 

salinity persist, and whether increased salinity affects organism resistance to secondary stressors, 

limiting our ability to accurately predict outcomes of future disturbances (Gunderson et al., 

2016).  

Meanwhile, extreme climatic events, such as heatwaves, have increased in frequency and 

intensity due to climate change — a trend that is predicted to increase in the future (IPCC, 2021). 

Although typically short duration, extreme heatwaves can cause substantial impacts on animal 

physiology, including ROS and heat damage to proteins, membranes, and oxygen and capacity 

limitations (Klumpen et al., 2017; Pörtner, 2021; Somero, 1995; Stillman, 2019). Failure to repair 

the damage can undermine physiological function, disrupt behavioural responses (e.g., Mameri et 

al., 2020), and even result in mortality (e.g., Said & Nassar, 2022). Previous multiple-stressor 

studies, however, have mainly focused on the long-term effects of warming, which allows for 

acclimation and/or adaptation and is less likely characteristic of heatwaves (Stoks et al., 2014). In 

other words, we have only a limited understanding of how extreme heatwaves interact with pre-

existing stressors to impact animal performance (Stoks et al., 2014).  

Increases in freshwater salinity levels and the frequency of heatwaves can independently or 

interactively affect aquatic organisms. However, it is unclear how these stressors collectively 

affect physiological activities. While salinity and heat stress trigger different response 

mechanisms, they both tend to result in ROS accumulation and the upregulation of antioxidant 

enzymes in defense (Bal et al., 2021). A few previous studies on animals from saline 
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environments demonstrated that salinity and acute heat stress can interact. For example, aquatic 

beetles acclimated under high salinity conditions (35 and 60 parts per thousand) for seven days 

showed reduced heat tolerance compared to those acclimated under low salinity (1 and 12 ppt; 

Botella-Cruz et al., 2016). In contrast, a 2-hour +12℃ heat shock protected tidepool sculpins 

from subsequent hypersaline stress, whereas a stronger heat shock (2h, +15℃) made sculpins 

more susceptible to subsequent hypersaline stress (Todgham et al., 2005). However, the 

interaction between heat and increased salinity has been rarely explored in the context of 

freshwater ecosystems where salinity levels are much lower and mechanisms underlying 

described responses are largely unexplored. This represents an important knowledge gap because 

elevated salinity and heatwaves can occur simultaneously or asynchronously. Therefore, a 

comprehensive understanding of their interactive effects is critical to assess and predict future 

outcomes.  

Variation in the timing of stressors can also influence their interaction (Gunderson et al., 

2016; Schunck & Liess, 2022). Legacy effects, the effects of previous disturbance on current 

conditions or processes (Monger et al., 2015), may persist for hours to days, which can lead to 

variation in cumulative effects when having different time intervals between stressors 

(Gunderson et al., 2016). For instance, Todgham and colleagues (2005) found cross-susceptibility 

between heat shock and severe osmotic challenge when there was no time interval between them, 

whereas cross-tolerance was induced when there were more than six hours between stressors, 

reflecting the time needed to generate heat shock proteins (HSPs) that are critical for repairing 
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protein damage and often triggered under stressful conditions. Understanding these impacts and 

mechanisms will improve our ability to predict outcomes of sequentially occurring multiple 

stressors, nevertheless, limited information is available about this topic (Gunderson et al., 2016). 

We conducted experiments using Daphnia pulicaria to investigate (i) physiological and life 

history responses to salt stress and how long these responses persist once the stressor is removed, 

and (ii) how those responses interact with a subsequent novel stressor - acute heat stress. We 

hypothesized that D. pulicaria would respond to salinity stress by increasing NKA activity and 

metabolic rate, potentially at the cost of increased ROS damage (e.g., lipid peroxidation). We also 

predicted that this response would persist several days following salinity stress and would 

decrease D. pulicaria’s thermal tolerance in response to subsequent heatwave conditions. because 

it would not have obtained homeostasis and insufficient energy would be allocated to repair heat-

induced damages. But with the increase of recovery time between stressors, the interaction 

between them would disappear with the dissipation of salinity legacy effects over time. 

5.3 Methodology 

5.3.1 Treatments  

Our salinity treatment was a 21-day exposure with two salinity levels: low salt (COMBO 

medium, control level, 18.5 mg Cl-/L; Kilham et al., 1998) or high salt treatment (350 mg Cl-/L, 

achieved by adding laboratory-grade NaCl, Thermo Fisher Scientific Inc., Massachusetts, US; 

Appendix D - Table D1). The salt treatment is consistent with concentrations observed in 

impacted freshwater bodies in North America (Dugan et al., 2020; Lawson & Jackson, 2021; 
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Sorichetti et al., 2022). After the end of salt exposure, D. pulicaria were cultured in the COMBO 

medium for different recovery times (0 hours, 8 hours, 1, 3, 5, or 7 days) before being exposed to 

heatwave conditions, i.e., a 3-day exposure to 20, 30, 32, or 35 ℃. The duration of previous 

heatwave events ranged from a few days to a few weeks (Xu et al., 2016), and we chose three 

consecutive days because this duration was used in many meteorology studies (e.g., Lee et al., 

2016; Piticar, 2018; Robinson, 2001).  

5.3.2 Daphnia Culture 

In May 2021, six D. pulicaria individuals (1st generation), that were taken from a 

population initiated from a single iso-female line, were cultured individually in 20 ml of 

COMBO in 30-ml glass tubes. This iso-female line originated from Round Lake (44.538561, -

76.398511; 0.82 mg Cl-/L; ON, Canada) and has been maintained in lab culture for over two 

years. Media was renewed every other day and Daphnia were fed with 1.0 mg C/L/day of 

Scenedesmus obliquus. Daphnia were kept in incubators set at 20 °C with a 16:8 light:dark cycle. 

We then collected the first three broods of offspring of these Daphnia and cultured them 

individually in glass tubes under the same conditions as the 1st generation. We repeated this 

procedure and obtained the 3rd generation Daphnia. The first brood of this generation was 

discarded. Neonates (<24 h old) from the second and third broods were transferred to individual 

25-ml test tubes and used for experiment R1. The third and fourth broods of the 3rd generation 

Daphnia were cultured in COMBO medium under the same condition as previous generations. 

The first brood of the 4th generation was discarded and neonates (<24 h old) from the second and 
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third broods were transferred to 1-L glass jars for experiment R2. These steps are illustrated in 

Appendix D - Figure D1. 

We ran two experiments (R1 and R2) because the number of Daphnia used was too large to 

keep all of them individually. In R1, Daphnia were kept individually throughout the experiment, 

and we measured their life history traits and NKA activity (Figure 5.1). In R2, organisms were 

kept as populations in jars during the salt exposure and recovery periods and individually during 

heat treatment (Figure 5.1). We measured their metabolic rate, lipid peroxidation level, and heat 

tolerance in R2. 

5.3.3 Salt Treatments & Life History Traits Measurement 

In R1, individual Daphnia neonates were grown in 25-ml test tubes filled with 18 ml of low 

salt (LS) or salt-treated (Salt) medium for 21 days. In total, there were 450 tubes for LS and 470 

tubes for Salt treatments. After the 21-day exposure, all Daphnia were transferred to individual 

test tubes containing 18 ml LS medium to allow recovery from salt stress. The experiment was 

                                          

         

                      

                

                            

        

  

  

               

               

               

               
     

         

Figure 5.1. R1 and R2 experiment processes. Black dashed lines represent low-salt condition. Solid lines represent 

salt treatment exposure. Red dashed lines represent heat treatment exposure. 
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conducted at 20 °C, under a light regime of 16:8 h light:dark, and the test medium was renewed 

every 48 hours. Daphniids were fed 1.0 mg C/L/day of S. obliquus. Survival was recorded every 

other day during the 21-day bioassay and at the end of each recovery period. A subset of twenty-

five Daphnia were randomly selected for both LS and Salt treatments, and we counted, then 

discarded, the neonates they produced every other day during the 21-day and at the end of each 

recovery period. To determine the body length growth rate of individuals, we randomly selected 

10 individuals on day-1 and day-8 of the experiment and measured their body length using a 

Leica M165 C dissecting scope (Wetzlar, Germany). The body length of each individual was 

measured from the top of its head to the end of its carapace (excluding the tail spine). They were 

released back into their tubes immediately after measurement.  

In R2, Daphnia neonates were grown in glass jars (1 L) filled with 800 ml LS medium or 

Salt medium for 21 days, with 50 neonates in each jar. There were 24 jars each for the LS and 

Salt treatments. After the 21-day exposure, surviving Daphnia were transferred to new jars 

containing 800 ml LS medium, allowing salt-treated individuals to recover from previous stress. 

The experiment was conducted at 20 °C, under a light regime of 16:8 h light:dark. We renewed 

the test medium every three days and discarded the neonates that were produced. Daphniids were 

fed 1.0 mg C/L/day of S. obliquus.  

5.3.4 Oxygen Consumption Analysis 

At the end of the 21-day bioassay and the end of each recovery period, nine individuals were 

randomly collected from LS and Salt treatments to measure oxygen consumption as a proxy for 
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metabolic rate in LS and Salt conditions. We also tried to differentiate the acute effects of salt 

exposure from longer-term regulated responses (e.g., developmental plasticity and reversible 

acclimation). Individual Daphnia were kept in a 1-ml clear glass vial respirometers with an 

OXSP5 contactless sensor spot (Pyroscience, Aachen, Germany) adhered to the bottom with 

transparent silicone glue Elastosil E43 (Pyroscience, Aachen, Germany). For long-term responses 

to LS or Salt medium (also as 0-hour recovery), respirometers were filled with the original 

medium (i.e., the medium used for the 21-day exposure). For acute responses, respirometers that 

had individuals originally from LS medium were filled with Salt medium (i.e., from freshwater 

into salt medium, FS acute); respirometers that had individuals originally from Salt medium were 

filled with LS medium (i.e., from salt into freshwater medium, SF acute). For responses during 

recovery periods, respirometers were filled with LS medium. 

The oxygen (O2) consumption rate was measured using FireSting®-O2 Optical Oxygen & 

Temperature Meter (Pyroscience, Aachen, Germany). We calibrated the equipment using 10% 

sodium sulphite solution as the 0% O2 reference point and oxygen-saturated media for 100% O2 

on a daily basis. Individual channels were also calibrated to the salinities of the respective 

measurement vials. To prevent potential noise in the data caused by diurnal patterns in 

metabolism, all respirometry measurements were run between 8 am to 6 pm. Each measurement 

took three hours. 

After adding Daphnia into individual bottles and removing any air bubbles, they were sealed 

with an LDPE orifice reducer and plastic screw cap. Respirometers were kept in incubators set at 
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20 ℃ throughout measurements. We ran up to 8 respirometers in parallel each time. For each 

run, we had one blank respirometer (i.e., no Daphnia) as a negative control. The O2 consumption 

rate was determined based on the slope of the most linear decline in O2 concentration over 30-60 

min). After each measurement, the body length of Daphnia was measured under a dissecting 

scope and converted to dry weight according to the equation from Bottrell et al. (1976). The 

metabolic rate is expressed as μmol/s/mg. 

5.3.5 Na+/K+-ATPase (NKA) Analysis 

To determine Daphnia NKA activity, at the end of the 21-day bioassay and the end of each 

recovery period, 60 individuals (20 individuals per sample x three replicates per treatment) were 

randomly collected from LS and Salt treatments and frozen at -80 ℃ for later analysis. On the 

day of analysis, each sample was homogenized in 180 μl of pre-prepared buffer solution 

containing 50 mM Hepes (pH=7.4), 1 mM EDTA, and 10 mM CHAPS (prepared based on 

Moyes et al., 2021). Samples were centrifuged at 10 x 1000 x g for 90 s then placed on ice for 

later use. The assay buffer was prepared freshly on the day of analysis based on the protocol 

described by Moyes et al. (2021). The kinetic assay (200 μl) contained 30 μl supernatant of the 

centrifuged sample. We ran each sample using assay buffer with and without ouabain to 

determine the ouabain-sensitive ATPase activity of the homogenates. Kinetic assays were run in 

clear-bottom 96-well microplates and in duplicates as continuous assays for 10 minutes at 340 

nm using SpectraMax® Paradigm® (Molecular Devices, San Jose, US). The continuous assay 

couples ADP production to the oxidation of NADH, thus NKA activity was determined based on 
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differences in the rate of NADH loss (as changes in optical density (OD)) between kinetic assays 

with and without ouabain (Moyes et al., 2021) and expressed in mOD/min/mg protein. 

5.3.6 Lipid Peroxidation Analysis 

To measure ROS-caused damage, we analyzed whole-animal lipid peroxidation (LP) levels. 

At the end of the 21-day bioassay and the end of each recovery period, 45 individuals (15 

individuals per sample x three samples per treatment) were randomly collected from LS and Salt 

treatments and frozen at -80 ℃. LP level was determined based on the malondialdehyde (MDA) 

level, which is a main end product of the process. We used QuantiChrom™ TBARS Assay Kit 

(DTBA-100, BioAssay Systems, Hayward, US) to measure the MDA level and followed the 

manufacturer’s protocol. The protein concentration of each sample was also measured in a 

Bradford assay (Kruger, 2009). We used clear-bottom 96-well microplates and SpectraMax® 

Paradigm® for the measurements. The LP level is expressed in nmol MDA/mg protein. 

5.3.7 Heat Treatment 

To examine the effect of acute heat stress on Daphnia, we randomly selected 30 individuals 

from each of the LS and Salt treatment jars at the end of the 21-day bioassay and the end of each 

recovery period and exposed them to different heat treatments for three days. Individual Daphnia 

were kept in darkness and in 30-ml glass tubes filled with 20 ml LS medium. Daphniids were fed 

1.0 mg C/L/day of S. obliquus. Daphnia survival was recorded at the end of each 3-day heat 

exposure.  
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5.3.8 Data Analysis  

All the data analyses were performed in R 4.1.2 (R Core Team, 2021) using “car” (version 

3.0-10; Fox et al., 2020) and “MASS” (version 7.3-58.1; Ripley et al., 2022) packages. 

Generalized linear models (GLMs) were used to analyze the effects of treatments on Daphnia 

physiological variables, survival, and fecundity. Specific distribution and the link function used 

for each variable can be found in Appendix D - Table D2. Models were chosen based on their 

Akaike information criterion (AIC) values, and the model with a lower AIC value had a better fit 

for the data. The first step was to use AIC scores to select the distribution (the one with lowest 

AIC score was chosen). Then, we selected the link function. Using the distribution identified in 

the first step, we established models using different link functions and obtained the AIC score for 

each model. The primary criterion was still the AIC score, but when multiple models had similar 

(within 2 units of AIC score), low AIC scores, the model using the identity link (or canonical 

link) was selected. Salt treatment was a categorical variable, and recovery time and temperature 

were numerical variables. For metabolic rate, we initially incorporated the specific respirometers 

as a random factor and ran a generalized mixed model (GLMM). As the AIC score of the GLMM 

is higher than that of a GLM, we eventually used GLM for metabolic rate. The comparison of 

metabolic rates in chronic and acute exposure to salinity was done using analysis of variance 

(ANOVA). Tukey’s honestly significant difference (HSD) test was applied to assess treatment 

effects. Daphnia body length growth rate and fecundity was compared using Welch two-sample 

t-tests in base R.  
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5.4 Results 

5.4.1 Effects of Salt Treatment 

NKA activity in Daphnia was upregulated due to the Salt treatment (GLM, p < 0.001; 

Figure 5.2b). Both acute (FS acute) and chronic 21-day exposure to salinity treatment (Salt) 

increased Daphnia metabolic rate (Tukey HSD, p ≤ 0.003) with FS acute inducing a greater 

increase than the chronic exposure (Tukey HSD, p = 0.005; Figure 5.2a). Daphnia in SF acute 

treatment and Salt treatment had similar metabolic rates (Tukey HSD, p = 0.983). LP level in 

Daphnia increased due to the 21-day Salt treatment (GLM, p < 0.001; Figure 5.2c). 

Salt treatment decreased Daphnia survival (GLM, p < 0.001; Figure 5.3a). Daphnia treated 

with salt produced fewer neonates than the ones that stayed in the LS medium (t-test, p < 0.001; 

Figure 5.3b). The body length growth rate of salt-treated Daphnia was also greatly decreased by 

Figure 5.2. Boxplots showing average Daphnia metabolic rates (a; N=9), NKA activities (b; N=3), and lipid 

peroxidation levels (c; N=3) under different treatments. Plot (a) compares metabolic rates under chronic and acute 

exposures. Plot (b) and (c) shows NKA activity and LP levels at the end of 21-day salt exposure. Bold horizontal 

lines in the boxes represent mean values. Boxes in the plot (a) with different letters are significantly different from 

each other in the Tukey post hoc test. 
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the treatment (t-test, p < 0.001).  

5.4.2 Recovery  

We found an interaction between Salt treatment and recovery time on the NKA activity 

(GLM, p = 0.008). During the recovery period, the NKA activity of salt-treated individuals 

increased, then, by day 7 of the recovery period, decreased and became similar to that of 

individuals without previous salt exposure (Figure 5.4b).  

 

Figure 5.3. Plots showing Daphnia proportion of survival at the end of and after 21-day salt exposure (a) and 

fecundity at the end of 21-day exposure (b). Solid dots represent the survival of individuals without previous salt 

treatment. Black triangles represent the survival of individuals treated with salt. Bold horizontal lines in the 

boxes represent mean values. 
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An interaction between previous Salt treatment and recovery time was also detected in 

metabolic rates (GLM, p < 0.001; Figure 5.4a). In salt-treated Daphnia, metabolic rates initially 

increased in the recovery periods, then slightly decreased after five days of recovery (Figure 

5.4a). During the recovery period, the metabolic rates of Daphnia previously chronically treated 

by Salt remained higher than those of naïve individuals (GLM, p < 0.001; Figure 5.4a). The 

Figure 5.4. Boxplots showing average Daphnia metabolic rate (a; N=9), NKA activities (b; N=3), and lipid 

peroxidation level (c; N=3) after different recovery times. Bold horizontal lines in the boxes represent mean 

values. 
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metabolic rates of Daphnia in the LS treatment remained consistent. 

The LP level in salt-treated Daphnia remained higher than that of naïve individuals after the 

end of the exposure (GLM, p < 0.001; Figure 5.4c). While the LP level slightly increased and 

then decreased with the increase in recovery time (Figure 5.4c), the change was not statistically 

significant (GLM, p = 0.062). No interaction between Salt treatment and recovery time was 

found. 

The decline in survival, due to Salt treatment, continued after the end of the 21-day exposure 

(GLM, p < 0.001; Figure 5.3a). There was an interaction between Salt treatment and recovery 

time on survival (GLM, p = 0.022). While the individuals in the LS medium also showed a slight 

decrease in survival with the increase in recovery time, the decline in the survival of salt-treated 

Daphnia was greater (Figure 5.3a). The individuals treated with salt produced fewer neonates 

than naïve ones during the recovery period (t-test, p < 0.001; Figure 5.5).  

Figure 5.5. Boxplot showing the average number of total neonates produced per individual over the 7-day recovery 

period. Bold horizontal lines in the boxes represent mean values. 



137 

 

5.4.3 Effects of Heat Treatment & Interaction 

Daphnia mortality increased with increasing temperature (GLM, p < 0.001; Figure 5.6), 

with only one LS individual in the 3-day recovery scenario surviving the 35 ℃ treatment.  

Previous exposure to Salt reduced Daphnia survival under the subsequent heat treatments 

(GLM, p < 0.001; Figure 5.6). This impact of salt on survival in the later heat treatment varied 

across heat treatments (GLM, salt*heat interaction, p = 0.012; Figure 5.6). Recovery time 

influenced the impact of heat treatments on Daphnia survival (GLM, p < 0.026). At 20 ℃, the 

survival of salt-treated individuals was slightly lower than that of LS individuals in all recovery 

time scenarios (Figure 5.6). At 30 and 32 ℃, the survival of salt-treated individuals was much 

lower than that of LS individuals, but the difference in survival between Salt and LS treatments 

decreased with the increase in recovery time (Figure 5.6). We did not see any interaction between 

the three factors.  
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5.5 Discussion 

Our data suggested that salinity responses are metabolically costly, but that Daphnia can 

dampen those costs over long-term exposures. Daphnia responded to the Salt treatment by 

increasing NKA activity, an indication of ion transport activities, and metabolic rate, at the cost 

of a higher LP level. These effects were paralleled by decreased Daphnia survival, fecundity, and 

growth rate. These changes in physiology and life history traits persisted following salt exposure, 

indicating the legacy effects of salinity stress. Further, exposure to increased salinity for 21 days 

Figure 5.6. Scatterplots showing the survival of Daphnia under various temperatures. Solid dots represent the 

survival of individuals without previous salt treatment. Black triangles represent the survival of individuals treated 

with salt. The figure for 35 ℃ was not plotted as only one LS individual survived. 
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decreased the survival of Daphnia when exposed to heat. However, this effect weakened slightly 

following three to seven days of recovery. 

NKA activity was higher in Daphnia exposed to Salt treatment than those in LS medium, 

consistent with other aquatic osmoregulators (e.g., green sturgeon (Acipenser medirostris) in 

Haller et al., 2015). The main role of NKA is in regulating cell osmotic equilibrium and 

membrane potential by maintaining (and re-establishing) Na+-K+ membrane differentials (Moyes 

et al., 2021; Rind et al., 2017). This means that NKA is highly expressed in osmoregulators upon 

exposure to salinity challenges (Lai et al., 2019). These increases in NKA activity indirectly fuel 

most ion transport pathways to maintain homeostatic function (Bal et al., 2021). 

The approximately two-fold increase in the mean rate of oxygen consumption in the FS 

acute compared to LS treatments (Figure 5.2a, white boxes) reflected the metabolic costs of acute 

salinity stress. The relative decrease in the rate of oxygen consumption in individuals acclimated 

to elevated salt (Salt) compared to those in acute salt (FS acute) conditions, however, suggested 

that Daphnia can remodel their osmoregulatory pathways via developmental plasticity or 

reversible acclimation to reduce these metabolic costs. While mean rates of oxygen consumption 

did not return to low-salt control conditions, the metabolic impacts of salinity are reduced by 

nearly half. Thus, salinity stress likely acted as a loading factor in Daphnia, where they could use 

plastic mechanisms to safeguard aerobic scope for fitness-related activities. The fact that the salt-

acclimated individuals had relatively high rates of oxygen consumption even in the acute low salt 

control medium (SF acute) suggested that NKA and other ion transport pathways were likely 
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enhanced by longer-term changes in gene expression, rather than more transient and dynamic 

post-translational mechanisms (e.g., phosphorylation). The precise underlying mechanism of the 

acclimation effect is unclear but could be through reducing activation energy of NKA through 

isoform switching (Esbaugh et al., 2019) or energy reallocation (Urbina & Glover, 2015). 

The high LP levels in the salt-acclimated treatment suggested an increase in ROS 

production, a decrease in ROS mitigation (e.g., via antioxidant defenses), or some combination 

thereof. Indeed, Daphnia in the salinity acclimation (Salt) treatments had nearly two-fold the 

amount of LP than their no-salt-acclimated (LS) counterparts. While it is difficult to determine 

whether increased ROS damage was an effect of enhanced ROS production or reduced ROS 

defense, the higher damage in the salt-acclimated group parallels the elevated metabolic rates 

characteristic of salt-acclimation. It is conceivable that ROS damage also compromised survival, 

fecundity, and growth rates in the salinity-acclimated (Salt) treatments. Similarly, Ghazy et al. 

(2009) and Gonçalves et al. (2007) reported that Daphnia produced fewer neonates and had a low 

survival rate under high salinity conditions. Daphnia have been shown to be particularly sensitive 

to oxidative stress (Ukhueduan et al., 2022), which may thereby represent a mechanism 

underlying these higher-level effects on growth, reproduction, and survival. 

Stressor-induced physiological responses can persist after the removal of stress. Legacy 

effects of salt were observed on Daphnia NKA activity, where NKA activity was initially high 

and then decreased in recovery periods. The high NKA level continued for several days following 

salt exposure. This environment-phenotype mismatch was likely particularly costly, as the 
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Daphnia were maintaining high levels of NKA activity unnecessarily. The data suggested that the 

salinity response was regulated by changes in gene expression, as opposed to more dynamic post-

translational regulatory mechanisms. It is intriguing that, during the recovery, the salt-acclimated 

Daphnia elevated mean rates of oxygen consumption more than two-fold by the 8 h mark. These 

increased rates of oxygen consumption might suggest that reversible acclimation back to low-salt 

conditions may also be metabolically costly. The fact that mean rates of oxygen consumption 

failed to return to control conditions, however, also suggested that salinity acclimation at this life 

stage may be irreversible. That is, salt exposure might trigger developmentally plastic responses, 

where the subsequent osmoregulatory phenotypes become developmentally fixed (i.e., 

irreversible; Lee & Petersen, 2003). Another potential explanation is that the individuals that are 

tolerant to osmoregulatory challenges had similarly high metabolic rates. Thus, the mean 

population metabolic rate was higher. However, this may be less likely because our Daphnia 

originated from a single iso-female line. As we could only examine the physiological capacity of 

survivors, we cannot be certain of the specific mechanism. However, to better understand the 

legacy effects of stressors, further research is needed to explore these underlying mechanisms. 

This could include individually keeping Daphnia during salinity stress, with periodic assessment 

of metabolic rates to determine whether subsequent responses are an effect of plasticity, 

selection, or a combination thereof. 

Our results also showed that LP levels increased and then decreased in recovery periods, 

largely mirroring the trends in NKA activity. The initial increase in LP corresponded to the 
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increase in metabolic rate during the first half of recovery time. As the NKA level was also high 

during that time, it is possible that Daphnia allocated its energy stores predominately to 

osmoregulation, as opposed to antioxidant defense. Later, as NKA activity was downregulated, 

more energy was spent on neutralizing ROS and fixing the damage, thus the LP level was 

reduced. Interestingly, recent work has linked NKA composition with ROS, where NKA 

signalling, and sometimes the expression of a specific isoform (i.e., NKA ɑ2), can promote 

oxidative stress (Su et al., 2022). However, it is also interesting to note that oxidative stress can 

undermine NKA function (Su et al., 2022). This means that the enhanced rates of NKA activity 

may also compensate for oxidative stress as an effect of salinity, rather than solely support ion 

transport as was predicted. It is clear that the reciprocal relationship between NKA and oxidative 

stress is only just beginning to be uncovered, but it is nonetheless intriguing to imagine that salt-

induced oxidative stress may be positively reinforced by the plastic response.  

Indeed, as a result of the legacy effects on physiological conditions, Daphnia treated with 

salt had a higher mortality rate and lower fecundity compared with the naïve ones even in 

recovery periods, demonstrating legacy effects of salt on life history traits that can impede the 

restoration of population size and potentially genetic diversity (Ribeiro & Lopes, 2013). Another 

study by Li et al. (2021) stated that a 2-week exposure to nanoplastics induced physiological 

changes in juvenile yellow croakers (Larimichthys crocea), and the changes persisted and 

resulted in decreased survival rates in the subsequent recovery periods. Additionally, legacy 

effects on behaviour have also been reported. For example, common carp (Cyprinus carpio) that 
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experienced acute exposure to pesticides showed muscle paralysis, hyperactivity, and loss of 

balance in recovery periods (Halappa & David, 2009). In consequence, these legacy effects can 

impact organisms and population tolerance to new environments (Moore & Martin, 2019), adding 

difficulties to the prediction of outcomes of multiple stressors.   

We observed that previous salt treatment decreased Daphnia tolerance to heatwave 

conditions (i.e., cross-susceptibility). A 3-day exposure to heat treatments reduced the survival of 

both naïve and salt-treated individuals, but the survival was even lower for the ones treated with 

the Salt medium. A potential explanation is that organisms were experiencing legacy effects of 

salinity and energy deficiency while being heated. NKA activity can be energy-consuming, thus 

Daphnia might spend most of their energy on osmoregulation rather than antioxidant defenses, 

even in recovery periods. Therefore, there was not adequate energy for defending and/or 

repairing heat-induced oxidative and other damages. Additionally, high temperature can increase 

the reactivity of ROS (Bai et al., 2003), further exacerbating oxidative damage and decreasing 

Daphnia survival. Our findings contradict the results of previous research. For instance, Rodgers 

and Isaza (2022) demonstrated that a 2-hour salinity shock (10 ppt) improved Chinook salmon 

(Oncorhynchus tshawytscha) tolerance to a sequential heatwave condition, but a more severe 

salinity shock (33 ppt) did not change fish heat tolerance. The difference in results could be due 

to the different osmoregulatory systems and mechanisms between species and stressor durations 

(2-hour vs. 21-day salinity treatment). 

We also found that in Daphnia with previous salt exposure, longer recovery time alleviated 
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their increased sensitivities to heat stress. This suggests that with the increase in recovery time, 

the legacy effects of salt became less pronounced, and more energy was devoted to dealing with 

heat stress. Whereas despite being alleviated, the mortality of Salt Daphnia near the end of 

recovery periods was still slightly higher than that of naïve individuals, indicating incomplete 

disappearance of legacy effects and energy deficiency. Additionally, at 20 ℃, the survival of 

Daphnia previously treated by salt was even lower on the seventh day of recovery. The reason 

behind this pattern remains unknown, but we suspect that the previous salt exposure might affect 

the aging process and life span of Daphnia. Although remains unclear for salinity stress, some 

other contaminants have been found to reduce organism life span (e.g., insecticide, Debecker et 

al., 2016).  

5.6 Conclusion 

Findings from this work suggest that elevated salinity impacts Daphnia physiological 

conditions and life history traits, which persist for a few days after the end of the exposure. The 

legacy effects from previous stressors can affect individual and population resistance to a 

subsequent stressor, adding difficulties to the prediction of outcomes of multiple stressors. Our 

results prove the need for examining stressors’ legacy effects as well as the underlying 

mechanisms. Furthermore, results obtained in this work have also shown that individuals that 

experienced prior salt exposure are more susceptible to heatwave conditions. Although the two 

stressors induced some similar defense mechanisms, previous salt treatment did not protect 

Daphnia from the subsequent heatwaves, instead, the increased vulnerability to heat stress was 
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due to the legacy effects of salinity stress. The inconsistency between our study and some 

previous research demonstrates that the occurrence of cross-tolerance/susceptibility and the 

associated mechanisms remain unclear, necessitating further investigation. 
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Chapter 6. General Discussion 

6.1 Integration of Main Findings 

Freshwater ecosystems are being disturbed by multiple new and ongoing stressors that often 

occur simultaneously or asynchronously (Birk et al., 2020; Harper et al., 2021; Hering et al., 

2015). Among those stressors, fluctuations in salinity levels and heatwaves, which are becoming 

more frequent and intensified, can individually and interactively impact freshwater organisms. 

These two stressors can induce physiological responses at the cellular scale, impact life history 

traits at the scale of individuals, trigger evolutionary changes at the population scale, and alter 

species composition and diversity at the community scale. The mechanism that plays the 

dominant role varies at different scales, leading to different outcomes (Figure 6.1).  

I found that physiological changes, including increased metabolic rate and upregulated Na+-

K+-ATPase activity, were the main driving force at the individual level. The effects of high 
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Figure 6.1. Conceptual diagram summarizing the joint effects of elevated salinity and heatwaves on zooplankton 

individual, population, and community. Up-pointing arrows represent increases. 
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salinity had carry-over effects and persisted for several days after the salinity stress was removed. 

Enhanced osmoregulation, a plastic response to salt stress, consumed energy that led to increased 

metabolism, resulting in a cost associated with the accumulation of reactive oxygen species 

(ROS) and decreased individual survival, reproduction, and growth. Immediately after salt 

exposure and after 8 hours to 3 days of recovery, Daphnia pulicaria experienced cross-

susceptibility to acute heat stress, resulting in synergistic interaction between stressors and 

greater mortality.  

In the population experiment (Chapter 4), I saw evolved salt tolerance in Daphnia 

population, with increased survival and fecundity relative to naïve Daphnia under salt exposure. 

While no genomic analysis was performed, there was likely intraspecific variation in the 

genotypes and/or phenotypic performance of individual genotypes (i.e., epigenetic effect) that 

allows for adaptation over times periods as short as eight weeks in a previous salt treatment. 

However, adaptation to salt stress did not change Daphnia’s sensitivity to heat stress, which was 

different from the outcome of the physiology experiment.  

In the community-level experiments, a shift in species composition was observed for both 

increased salinity and heatwave conditions, resulting in the dominance of small-bodied species. 

This resulted in an antagonistic effect because of the positive correlation in species sensitivity to 

the two stressors, thus, the combination of these stressors led to impacts that were similar to the 

single-stressor effects. When the recovery time between the stressors became longer, some 

species, particularly small, rapidly growing taxa such as nauplii and rotifers, were able to 
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increase, changing the joint effects from antagonism to additive effects. Moreover, communities 

recovering from salt stress showed greater compositional responses to heat stress, compared to 

the undisturbed communities, suggesting a legacy effect from prior salt exposure. 

In my experiments, I asynchronously applied stressor exposures separated by 0 to 42 days. 

Legacy effects of the prior stressor were detected at all levels of biological organization, from 

physiological to evolutionary to community-level responses, providing strong evidence that 

asynchronously occurring multiple stressors can interactively affect organisms. However, there 

were inconsistencies in stressors interaction from two aspects: 1) variation in the same species 

(Daphnia pulicaria) responses to the same stressors in different experimental conditions; 2) the 

combined effects of two stressors being different at different levels of biological organization. 

Not seeing the cross-susceptibility between salt and acute heat stress at the population level 

might be explained by the timescale of stressors which determines the dominant underlying 

mechanism (Jackson et al., 2021). In the physiology experiment (Chapter 5), the two treatments 

were applied within a single generation, and only plastic responses were induced. Salt induced a 

temporary increase in energy consumption and ROS accumulation causing the cross-

susceptibility between elevated salinity and heatwaves. Whereas, when the time interval between 

stressors becomes longer and multigenerational, evolutionary changes play key roles in shaping 

the population and determining the interaction between stressors. The non-interactive effect 

suggested that the evolved response mechanism was only related to salt stress and did not cost 

extra energy expenditure, thus having no influence on responses to heat stress. 
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The ecological context might also contribute to the variations in stressors interactions across 

levels of biological organizations (Rosenfeld et al., 2022). Synergistic interaction between 

salinity and heat stress was found in the individual-level experiment, but antagonism was found 

in community responses and additive effects were seen in Daphnia pulicaria responses 

(Appendix E) in both mesocosm experiments (both scenarios in the first experiment and 0-week 

recovery in the second experiment). A potential explanation is that the Daphnia in the mesocosm 

experiments were collected from multiple lakes and likely had greater genetic diversity (within 

and among populations) than the Daphnia individuals used in the physiology lab experiment, 

which were cultured from six Daphnia that were genetically identical. The additive effects (in 

Daphnia responses) in the mesocosm experiments suggested that there were Daphnia individuals 

that can acclimate to the elevated salinity while reducing the costs, for example, by having a high 

antioxidant enzyme activity (to neutralize ROS), thus, not showing greater vulnerability to 

subsequent heat stress. But individuals in the physiology experiment did not have this defense 

mechanism.  

Moreover, species interactions might also play a role in determining Daphnia responses and 

community-level responses to stressors. Interactions between species can potentially influence 

multiple-stressor effects on a community, for example, a model by Thompson et al. (2018) 

showed that competition and predation likely lead to synergistic effects on community species or 

biomass loss, while positive species interactions (e.g., mutualism) generally cause additive or 

antagonistic effects on richness and biomass. However, the influence of species interactions on 
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responses to multiple stressors remains largely unknown, and direct empirical evidence is still 

lacking (Orr et al., 2020; Thompson et al., 2018). Further studies are needed to explore this 

relationship, for instance, by aggregating each species’ response and comparing it with the actual 

community-level response. 

6.2 Significance of the Project 

Increased salinity and heatwaves adversely affect freshwater organisms. Despite the urgency 

of the issue, heatwaves have not been commonly examined in multiple-stressor studies (Stoks et 

al., 2014). Previous studies have primarily focused on the interaction between salt stress and 

long-term warming. But findings about long-term warming may not be fully applicable to 

heatwave effects because, compared with warming, heatwaves are more acute and extreme, 

leaving limited time for physiological adjustment or adaptation, thus could be more detrimental. 

The present research contributes to this knowledge gap by demonstrating the joint effects of 

elevated salinity and heatwave conditions at different levels of biological organization. It is worth 

noting that the heatwave conditions in this project were meant to simulate late-spring and 

summer heatwaves, and increasing temperature from a different starting value may lead to a 

different response. 

The contributions also have practical implications. First, heatwave impact may sometimes 

be masked by the effect of a co-occurring or prior stressor, causing an underestimation of its true 

impact. But when this extreme event occurs individually or asynchronously with other stressors, 

a greater influence could be generated. Second, my work suggests that ecosystem management 
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and restoration efforts that commonly just address the effect of a single stressor should consider 

prior stressor exposure and the potential impacts of extreme climatic events during recovery 

periods. These would require frequent monitoring of the system's abiotic and ecological 

conditions and the implementation of additional initiatives, such as increasing inflow or reducing 

extraction of water to slow down the increase in water temperature during heatwave events. 

Third, my findings about the influence of the temporal fluctuation of stressors indicate that the 

combined effects of the two asynchronously occurring stressors can be more accurately predicted 

when accounting for the time intervals between the exposures. Fourth, as some regulations were 

developed using lab experiments on individuals but aim to manage ecosystems (Forbes et al., 

2017; Galic et al., 2018), my findings suggest that the upscaling of lower-level (physiological and 

individual) results to the community or ecosystem level should be done with caution and requires 

consideration of factors such as the timing of stressors and ecological context.  

6.3 Open Research Questions  

While my research help fill some gaps, there are still many questions that remain to be 

explored related to my project and in the area of multiple-stressor issues.  

 My individual and population experiments only tested Daphnia pulicaria, but there are 

other zooplankton species that also play important roles in aquatic ecosystems. How do 

other species (e.g., other cladoceran, copepods, or rotifers) respond to elevated salinity, 

heatwaves, and the combination of them?  

 The relationship between the responses at different biological organizational levels is 
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critical for predicting large-scale outcomes of stressors but remains largely unexplored. 

Further efforts on this topic, using experiment and modelling approaches, are needed. 

Applying treatments across gradients of stressors could also help accurately identify the 

underlying processes of how stressors interact (Turschwell et al., 2022). 

 As heatwaves are becoming more frequent, intensified, and prolonged, understanding 

their impacts has been increasingly critical. How do heatwaves and other stressors 

interact?  

 The influence of the timing of stressors was not well studied. How does the length of 

recovery time influence the joint effects of other stressors? How do organisms, 

populations, and communities change after heatwaves? 

 A limitation of my project is that I did not include dispersal or predation in my 

experiments, which could potentially underestimate or overestimate the consequences. 

Additionally, some organisms may be able to avoid stressors by moving to refuge area 

(e.g., moving to deeper water to avoid heat stress), but these avoidance strategies are 

influenced by the characteristics of habitats (e.g., the depth of a water body). Further 

experiments and field observations are needed to study how these factors influence the 

outcomes of multiple stressors.  
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Chapter 7. Summary 

Each of the chapters of my thesis has contributed to the understanding of how elevated 

salinity and heatwaves jointly affect freshwater zooplankton, from physiology, population, and 

community scales. In chapter 2, I examined the combined effects of salinity and heatwaves on 

freshwater zooplankton communities when they occurred simultaneously or sequentially. I found 

that while salinity stress and heatwaves, as individual stressors, adversely affected the 

zooplankton community, they acted antagonistically in the two-stressor treatment in both 

scenarios. The contribution of this study is to demonstrate the community-level effects of the 

combination of a press salinity stress and a pulse heatwave event. 

In chapter 3, I further explored the influence of recovery time between salt treatment and 

heatwave conditions on their combined effects on the zooplankton community. The results 

showed that communities recovered partially after exposure to salt pulse, mainly driven by small 

organisms. Larger organisms required a longer time to recover, leading to delayed compositional 

and, potentially, functional recovery. I also observed that asynchronously occurring salinity stress 

and heatwaves had antagonistic effects that changed to additive effects with the increase of 

recovery time between stressors. Prior exposure to salt had a legacy effect on zooplankton 

communities’ resistance to subsequent heat treatment. The value of this study is in its 

examination of zooplankton community recovery processes after salt treatment. The findings also 

demonstrate that asynchronously occurring stressors can interact to affect zooplankton 

communities. 
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In chapter 4, I studied the cumulative effects of these two stressors at the population level by 

testing whether prior salt treatment history would lead to evolved salt tolerance in Daphnia 

pulicaria and influence their subsequent response to heatwave conditions. The results suggested 

that Daphnia populations with previous elevated salinity exposure history showed evolved 

tolerance to salt stress, particularly on survival and fecundity, but no effect of exposure history 

was found on populations’ responses to acute heat stress. This study provides empirical evidence 

to demonstrate that Daphnia can rapidly adapt to stressors without a trade-off under the 

undisturbed condition, but the adaptation did not change responses to a novel stressor. 

In chapter 5, I looked into Daphnia pulicaria physiological and life history responses to 

increased salinity and heatwave condition. The results suggested that Daphnia responded to 

elevated salinity by upregulating NKA activity and increasing the metabolism rate, causing a 

high lipid peroxidation level. Survival, fecundity, and body-length growth were all negatively 

affected by salt stress. These impacts on physiological conditions and life history traits persisted 

for a few days after the end of the exposure. Individuals that experienced salt exposure were more 

susceptible to subsequent heat stress, but this effect decreased with increasing recovery time 

between stressors. This study fills in a gap in our understanding of how temporal variation of 

stressors affects their impacts on organismal physiological and life history traits. The findings 

suggest that the legacy effect of a prior stressor on individual physiology can lead to the 

synergistic interaction between the prior and subsequent stressors, which is determined by the 

time intervals between stressors.  
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Appendix A. Supplementary Figures and Tables for Chapter 2 

Appendix A Supplementary Figures 

Figure A1. Line plot of mean water temperatures of heated (red) and non-heated (blue) mesocosms 

through time with 95% confidence bands. 

 

Figure A2. Scatterplot of mean dissolved oxygen concentrations (mg/L; error bar: standard 

deviation) of each treatment through time. The lines represent trends through time. 
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Figure A3. Scatterplot of mean specific conductance (μS/cm; error bar: standard deviation) of each 

treatment through time. The lines represent trends through time. 
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Figure A4. Boxplots of abundance (individuals per liter) of each taxonomic group in simultaneous (a) and sequential (b) 

scenarios. Bold horizontal lines represent mean values. White boxes represent ambient/not heated condition and grey boxes 

represent heated condition. Significant treatments (after FDR correction) are presented at the up-right corner of each figure 

(H: heat; S: salt; H&S: combined treatment; p<0.001: '***'; 0.001≤p<0.01: '**'; 0.01≤p≤0.05: '*').  (fresh=no salt addition; 

salt=with salt addition) 
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Figure A5. Boxplots of richness of each taxonomic group in simultaneous (a) and sequential (b) scenarios. Bold horizontal 

lines represent mean values. White boxes represent ambient/not heated condition and grey boxes represent heated 

condition. Significant treatments (after FDR correction) are presented at the up-right corner of each figure (H: heat; S: 

salt; H&S: combined treatment; p<0.001: '***'; 0.001≤p<0.01: '**'; 0.01≤p≤0.05: '*'). On (b) sequential cladoceran 

richness plot, boxes with different letters are significantly different from each other in Tukey post-hoc test.  (fresh=no 

salt addition; salt=with salt addition) 
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Figure A6. Scatterplot of mean chlorophyll-a concentrations (μg/L; error bar: standard deviation) 

of each treatment through time. The lines represent trends through time. 
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Figure A7. Boxplots of the abundance of Chydorus sphaericus, Daphnia ambigua, Daphnia 

pulicaria, nauplii, and keratella spp in each treatment at the end of experiment.    

 

 

 

 



207 

 

Figure A8. Boxplots showing cladoceran, copepod, nauplii, and rotifer biomass (mg/L) in 

sequential scenario salt treatment before vs. after recovery period. Bold horizontal lines represent 

mean values. 
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Appendix A Supplementary Tables 

Table A1. Coordinates, physical characteristics, and water chemistry of the six lakes where we 

collected zooplankton from. Data was collected mid-summer in 2016. 

Lakes 

Coordinates 

(latitude, 

longitude) 

Maximum 

depth (m) 

Area 

(hectare) 

Total 

phosphorus 

concentration 

(μg/L) 

Total 

nitrogen 

concentration 

(μg/L) 

Chloride 

concentration 

(mg/L) 

Big Salmon 
44.529236, 

-76.527565 
40 111.5 5.5 250 0.53 

Doe 
44.500200, 

-76.540689 
19.3 37.3 7.1 380 0.67 

Lindsay 
44.537579, 

-76.387896 
9 13.2 10.7 570 0.41 

Opinicon 
44.565950, 

-76.320334 
10 790.0 14.9 520 5.94 

Round 
44.538561, 

-76.398511 
29.5 15 5.1 280 0.82 

South Otter 
44.496309, 

-76.545314 
9 44.4 9.2 400 4.51 

 

Table A2. Formulae and references used to calculate zooplankton biomass (W = dry weight/μg, L 

= length/mm, V = volume/ml). Superscript numbers indicate taxa for which formulae were 

originally intended. (Volumes of rotifers were convert to dry weight assuming a density of 1 

mg/cm3 (Pace and Orcutt 1981)) 

Taxon Formula References 

Acanthocyclops robustus1 lnW = 1.3472+3.0087*lnL Lawrence et al. (1987) 

Aglaodiaptomus 

spatulocrenatus2 
lnW = 0.9717+2.7323*lnL Malley et al. (1989) 

Alona3 lnW = 2.2367 + 2.7418*lnL Malley et al. (1989) 

Anuraeopsis V = (0.03L^3) *1000 Ruttner-Kolisko (1977) 

Asplanchna V = (0.23L^3) *1000 Ruttner-Kolisko (1977) 

Bosmina freyi/liederi lnW = 4.9344 + 4.849*lnL Rosen (1981) 

Calanoid copepodid4 lnW = 0.9227+2.4235*lnL Malley et al. (1989) 

Ceriodaphnia dubia5 lnW = 1.915+2.02*lnL Dumont et al. (1975) 

Ceriodaphnia lacustris lnW = 2.7286 + 3.3370*lnL Malley et al. (1989) 

Ceriodaphnia laticaudata6 lnW = 2.7286 + 3.3370*lnL Malley et al. (1989) 

Chydorus sphaericus lnW = 4.49+3.93*lnL Dumont et al. (1975) 
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Cyclopoid copepodid7 lnW = 1.3135+2.9005*lnL Malley et al. (1989) 

Nauplii lnW = 0.6977+0.569*lnL Rosen (1981) 

Daphnia ambigua lnW = 1.540 + 2.29*lnL Dumont et al. (1975) 

Daphnia catawba lnW = 0.9455 + 3.1108*lnL Lawrence et al. (1987) 

Daphnia dubia8 lnW = 1.0797 + 2.7188*lnL  Lawrence et al. (1987) 

Daphnia mendotae8 lnW = 1.0797 + 2.7188*lnL  Lawrence et al. (1987) 

Daphnia neonate lnW = 1.5072 + 2.7610*lnL Bottrell et al. (1976) 

Daphnia pulicaria lnW = 1.47 + 3.19*lnL Bottrell et al. (1976) 

Daphnia retrocurva lnW = 0.8637 + 3.1262*lnL Malley et al. (1989) 

Diacyclops thomasi lnW = 0.7606+3.9145*lnL Lawrence et al. (1987) 

Diaphanosoma birgei9 lnW = 1.6242+3.0468*lnL Bottrell et al. (1976) 

Ectocyclops phaleratus1 lnW = 1.3472+3.0087*lnL Lawrence et al. (1987) 

Epischura lacustris lnW = 0.9717 + 2.7323*lnL Malley et al. (1989) 

Euchlanis V = (0.1L^3) *1000 Ruttner-Kolisko (1977) 

Filinia V = (0.13L^3) *1000 Bottrell et al. (1976) 

Gastropidae V = (0.20L^3) *1000 Bottrell et al. (1976) 

Heterocope septentrionalis10 lnW = 1.8977 + 2.0374*lnL Bottrell et al. (1976) 

Holopedium gibberum lnW = 5.3976 + 2.056*lnL Bottrell et al. (1976) 

Kellicottia bostoniensis11 0.05 μg Cajander (1983) 

Kellicottia longispina 0.05 μg Cajander (1983) 

Keratella V = (0.02L^3) *1000 Ruttner-Kolisko (1977) 

Keratella quadrata12 V = (0.02L^3) *1000 Ruttner-Kolisko (1977) 

Lecane V = (0.1L^3) *1000 Andersson et al. (2003) 

Lepadella V = (0.1L^3) *1000 Andersson et al. (2003) 

Limnocalanus macrurus2 lnW = 0.9717+2.7323*lnL Malley et al. (1989) 

Mesocyclops edax lnW = 1.3472+3.0087*lnL Lawrence et al. (1987) 

Microcyclops13 lnW = 1.7116 + 3.6663*lnL Lawrence et al. (1987) 

Monostyla 0.12 μg Dickerson and Robinson (1984) 

Osphranticum labronectum2 lnW = 0.9717+2.7323*lnL Malley et al. (1989) 

Oxyurella brevicaudis14 lnW = 3.57 + 4.03*lnL Dumont et al. (1975) 

Pleuroxus procurvus14 lnW = 3.57 + 4.03*lnL Dumont et al. (1975) 

Polyarthra V = (0.28L^3) *1000 Ruttner-Kolisko (1977) 

Scapholeberis mucronata lnW = 2.416+2.70*lnL Dumont et al. (1975) 

Simocephalus exspinosus6 lnW = 2.7286 + 3.3370*lnL Malley et al. (1989) 

Skistodiaptomus oregonensis lnW = 0.9717+2.7323*lnL Malley et al. (1989) 

Skistodiaptomus reighardi2 lnW = 0.9717+2.7323*lnL Malley et al. (1989) 

Trichocerca 0.1 μg Dumont et al. (1975) 
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Tropocyclops prasinus 

mexicanus 
lnW = 1.7116 + 3.6663*lnL Lawrence et al. (1987) 

1 Mesocyclops edax 

2 Skistodiaptomus oregonensis 

3 Alona rectangular 

4 Skistodiaptomus oregonensis copepodids 

5 Ceriodaphnia reticulata 

6 Ceriodaphnia lacustris 

7 Diacyclops bicuspidatus thomasi and Mesocyclops edax copepodids 

8 Daphnia galeata mendotae 

9 Diaphanosoma brachyrum 

10 Heterocope saliens 

11 Kellicottia longispina 

12 Keratella 

13 Tropocyclops extensus 

14 Pleuroxus aduncus 
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Table A3. Summary of results of analysis of variances (ANOVA) tests on the total abundance, 

biomass, and richness of initial zooplankton communities. Initial zooplankton communities were 

compared across 5 treatments and control (N=7).  

 Abundance Biomass Richness 

F-values 0.88 1.107 1.201 

p-values 0.504 0.374 0.328 

Note: Levene’s and Shapiro-Wilk tests were used to test for assumptions of normality and equal 

variances among treatments.  

 

Table A4. Summary of results of t-tests comparing the total abundance, biomass, and richness 

between simultaneous and sequential salt treatment zooplankton community by the end of week 8 

(N=7). 

 Abundance Biomass Richness 

t-scores -0.835 -1.015 -1.682 

p-values 0.420 0.330 0.119 

 

 

 

Table A5. The mean and standard deviation (SD) values of total zooplankton abundance 

(individual per liter), biomass (mg/L) and richness of each treatment group. (salt= salt treatment; 

heat= heat treatment; simultaneous= simultaneous scenario; sequential= sequential scenario) 

Treatments  Salt & heat - 

simultaneous 

Salt & heat 

- sequential 
Heat  

Salt - 

simultaneou

s 

Salt - 

sequential 

Contro

l 

Abundance Mean 55.79 74.06 77.29 66.60 87.35 159.94 
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SD 14.93 24.51 23.55 31.28 18.16 32.30 

Biomass 
Mean 0.05 0.04 0.09 0.05 0.05 0.18 

SD 0.04 0.02 0.03 0.03 0.02 0.04 

Richness 
Mean 10.29 9.57 12.86 10.00 12.14 14.00 

SD 1.80 1.40 2.34 2.45 2.41 1.73 

 

Table A6. Summary of the results of analysis of deviance for GLM fits of total zooplankton abundance 

(individual per liter), biomass (mg/L), and richness. (salt= salt treatment; heat= heat treatment; 

simultaneous= simultaneous scenario; sequential= sequential scenario) 

 
Scenarios Simultaneous Sequential 

Treatments Salt&heat  Heat  Salt  Salt&heat  Heat Salt  

Abundance 
F-value 12.908 21.845 32.974 6.521 32.282 15.912 

p-value 0.001 <0.001 <0.001 0.017 <0.001 <0.001 

Biomass 
F-value 5.114 1.030 25.322 5.794 8.559 51.353 

p-value 0.033 0.320 <0.001 0.024 0.007 <0.001 

Richness 
F-value 0.806 0.290 17.064 0.880 5.947 11.402 

p-value 0.378 0.595 <0.001 0.358 0.022 0.002 

 

 

Table A7. The mean and standard deviation (SD) values of abundance (individual per liter), 

biomass (mg/L) and richness of each species group in each treatment group. (salt= salt treatment; 

heat= heat treatment; simultaneous= simultaneous scenario; sequential= sequential scenario)  

 Taxonomic groups 
Salt & heat - 

simultaneous 

Salt & heat 

- sequential 
Heat 

Salt - 

simultaneous 

Salt - 

sequential 
Control 

Abundance 

Cladoceran 
Mean 9.16 0.98 20.64 5.03 6.05 27.96 

SD 10.22 2.08 9.58 5.69 5.64 8.33 

Copepod 
Mean 11.32 15.08 11.52 13.41 20.24 17.95 

SD 5.46 9.78 6.31 6.56 3.45 5.74 

Nauplii 
Mean 9.24 12.25 22.44 14.90 20.67 74.16 

SD 4.21 9.41 13.36 3.93 3.55 22.88 

Rotifer 
Mean 26.08 45.75 22.68 34.40 40.40 39.50 

SD 9.62 25.17 10.61 22.18 15.32 11.27 

Biomass 

Cladoceran 
Mean 0.02 0.002 0.06 0.02 0.02 0.11 

SD 0.03 0.004 0.03 0.03 0.02 0.04 

Copepod 
Mean 0.02 0.02 0.01 0.01 0.02 0.01 

SD 0.01 0.02 0.01 0.01 0.01 0.01 
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Nauplii 
Mean 0.01 0.01 0.02 0.01 0.01 0.05 

SD 0.003 0.01 0.01 0.003 0.003 0.02 

Rotifer 
Mean 0.003 0.005 0.003 0.005 0.006 0.004 

SD 0.001 0.002 0.002 0.002 0.003 0.002 

Richness 

Cladoceran 
Mean 1.57 0.43 4.86 2.00 2.29 5.14 

SD 1.13 0.79 0.90 1.92 1.70 1.57 

Copepod 
Mean 4.00 3.86 3.14 3.71 4.43 3.57 

SD 1.53 1.68 1.77 1.50 0.53 0.98 

Rotifer 
Mean 4.71 5.29 4.29 4.29 5.43 5.14 

SD 0.76 1.11 1.38 1.11 1.27 0.90 

 

Table A8. This appendix showed a summary of results of analysis of variance for LM fits of 

zooplankton abundance, biomass, and richness of each taxonomic group (N=7). (Bolded p-values 

indicate significant p-values before false discovery rate (FDR) correction. “*” indicates the p-

values that were still significant after FDR correction; salt= salt treatment; heat= heat treatment)  

 Taxonomic 

groups 

 Simultaneous Sequential 

 Salt & heat  Heat  Salt  Salt & heat  Heat Salt  

Abundance 

Cladoceran 
F-value 1.682 0.037 22.290 2.095 7.799 62.290 

p-value 0.207 0.848 <0.001* 0.161 0.010* <0.001* 

Copepod 
F-value 0.900 3.488 1.080 0.062 5.207 1.328 

p-value 0.352 0.074 0.309 0.806 0.032* 0.260 

Nauplii 
F-value 3.028 13.017 12.898 0.648 12.067 6.456 

p-value 0.095 0.001* 0.001* 0.429 0.002* 0.018* 

Rotifer 
F-value 0.613 5.364 0.025 3.104 0.831 3.627 

p-value 0.441 0.029 0.876 0.091 0.371 0.069 

Biomass 

Cladoceran 
F-value 3.815 3.656 27.851 2.818 9.119 59.133 

p-value 0.063 0.068 <0.001* 0.106 0.006* <0.001* 

Copepod 
F-value 1.664 0.426 1.666 0.585 1.504 3.709 

p-value 0.209 0.520 0.209 0.452 0.232 0.066 

Nauplii 
F-value 2.856 13.917 14.210 0.607 12.996 7.464 

p-value 0.104 0.001* <0.001* 0.443 0.001* 0.012* 

Rotifer 
F-value 0.008 4.477 0.004 0.024 2.421 7.851 

p-value 0.930 0.045 0.951 0.877 0.133 0.010* 

Richness 

Cladoceran 
F-value 0.003 0.008 23.553 5.816 0.016 50.234 

p-value 0.955 0.931 <0.001* 0.024 0.904 <0.001* 

Copepod 
F-value 0.412 0.016 0.808 0.020 0.974 2.404 

p-value 0.527 0.899 0.378 0.889 0.334 0.134 
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Rotifer 
F-value 2.558 0.284 0.284 0.641 1.256 2.077 

p-value 0.123 0.599 0.599 0.431 0.273 0.162 

 

 

 

Table A9. Summary of results of PERMANOVA tests on total zooplankton abundance in 

simultaneous and sequential scenarios. (salt= salt treatment; heat= heat treatment)  

 Simultaneous scenario Sequential scenario 

 Salt*heat Heat Salt Salt*heat Heat Salt 

R2 0.045 0.077 0.349 0.070 0.072 0.271 

p-value 0.085 0.012 0.001 0.017 0.020 0.001 
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Table A10. Results of indicator species analysis on each treatment of simultaneous and sequential 

scenario. (“√” indicates that the species represents the zooplankton community of each treatment; 

salt= salt treatment; heat= heat treatment) 

Simultaneous scenario 

Taxon Taxon group Control Heat Salt Salt*heat 

Anuraeopsis Rotifer √ 
 

√ √ 

Chydorus sphaericus Cladoceran √ √ 
 

√ 

Cyclopoid copepodid Copepod √ 
   

Nauplii Nauplii √ 
   

Daphnia ambigua Cladoceran √ √ 
  

Daphnia pulicaria Cladoceran √ √ 
  

Keratella Rotifer √ √ 
  

Mesocyclops edax Copepod 
  

√ √ 

Scapholeberis mucronata Cladoceran √ √ 
  

Sequential scenario 

Taxon Taxon group Control Heat Salt Salt*heat 

Anuraeopsis Rotifer √ 
 

√ √ 

Chydorus sphaericus Cladoceran √ √ √ 
 

Cyclopoid copepodid Copepod √ 
   

Nauplii Nauplii √ 
   

Daphnia ambigua Cladoceran √ √ √ 
 

Daphnia pulicaria Cladoceran √ √ 
  

Diacyclops thomasi Copepod 
  

√ 
 

Keratella Rotifer √ 
   

Monostyla Rotifer 
   

√ 

Polyarthra Rotifer 
  

√ 
 

Scapholeberis mucronata Cladoceran √ √ 
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Appendix B. Supplementary Figures and Tables for Chapter 3 

Appendix B Supplementary Figures  

 

 

Figure B1. Line plot of mean water temperatures of heated (red) and non-heated (blue) 

mesocosms through time with 95% confidence bands. 

 

Figure B2. Scatterplot of mean specific conductance (μS/cm; error bar: standard deviation) 

of each treatment through time. The lines represent trends through time. Each salt treatment 

exposure was three weeks. 
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Figure B3. Scatterplot of mean dissolved oxygen concentrations (mg/L; error bar: standard 

deviation) of each treatment through time. The lines represent trends through time. 

Figure B4. Boxplots of the abundance of each taxonomic group right after salt exposure at different times of summer and 

communities in control at the corresponding time of summer. Bold horizontal lines represent mean values. Boxes with different 

letters are significantly different from each other in Tukey post hoc test and comparisons are within each figure only. (Control-

early=control in early summer; Control-mid=control in mid-summer; Control-late=control in late summer) 
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Figure B5. Boxplots showing the biomass of each taxonomic group right after salt exposure at different 

time of summer and communities in control group at the corresponding time of summer. Bold horizontal 

lines represent mean values. Boxes with different letters are significantly different from each other in 

Tukey post hoc test and comparisons are within each figure only. (Control-early=control group in early 

summer; Control-mid=control group in mid-summer; Control-late=control group in late summer) 
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Figure B6. Boxplots showing the species richness of each taxonomic group right after salt exposure 

at different time of summer and communities in control group at the corresponding time of summer. 

Bold horizontal lines represent mean values. Boxes with different letters are significantly different 

from each other in Tukey post hoc test and comparisons are within each figure only. (Control-

early=control group in early summer; Control-mid=control group in mid-summer; Control-

late=control group in late summer) 
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Figure B7. PCoA biplot of all the species in zooplankton communities in different recovery 

time scenarios and in control group at the end of Week-9. Each point represents a mesocosm 

community. Different color indicates different treatment. Bray-Curtis-transformed 

abundance data were used for the analyses. 
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Figure B8. Boxplots showing the biomass of each taxonomic group in salt-only treatments and 

control group zooplankton communities at the end of week 9. Salt-only treatment communities 

had different recovery time: 6-week (S-early); 3-week (S-mid), or 0-week (S-late). Bold 

horizontal lines represent mean values. Boxes with different letters are significantly different 

from each other in Tukey post hoc test and comparisons are within each figure only. 
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Figure B9. Boxplots showing the species richness of each taxonomic group in salt-only 

treatments and control group zooplankton communities at the end of week 9. Salt-only treatment 

communities had different recovery time: 6-week (S-early); 3-week (S-mid), or 0-week (S-late). 

Bold horizontal lines represent mean values.  



223 

 
  

Figure B10. Boxplots showing the abundance of each taxonomic group in each treatment by the end of the experiment. 

Salt-only and salt & heat (two-stressor) treatment communities had different recovery time: 6-week (S-/SH-early); 3-

week (S-/SH-mid), or 0-week (S-/SH-late). Bold horizontal lines represent mean values. The Control and heat treatments 

are the same for each recovery time scenario. 
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Figure B11. Boxplots showing the biomass of each taxonomic group in each treatment by the end of the experiment. 

Salt-only and salt&heat (two-stressor) treatment communities had different recovery time: 6-week (S-/SH-early); 3-week 

(S-/SH-mid), or 0-week (S-/SH-late). Bold horizontal lines represent mean values. The Control and heat treatments are 

the same for each recovery time scenario. 
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Figure B12. Boxplots showing the species richness of each taxonomic group in each treatment by the end of the 

experiment. Salt-only and salt & heat (two-stressor) treatment communities had different recovery time: 6-week (S-/SH-

early); 3-week (S-/SH-mid), or 0-week (S-/SH-late). Bold horizontal lines represent mean values. The Control and heat 

treatments are the same for each recovery time scenario. 
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Figure B13. Scatterplot of mean chlorophyll-a concentrations (ug/L; error bar: standard 

deviation) of each treatment through time. The lines represent trends through time. 
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Appendix B Supplementary Tables 

Table B1. Coordinates, physical characteristics, and water chemistry of the four lakes where we 

collected zooplankton from. Data was collected mid-summer in 2016. Water chemistry was 

analyzed by the Ontario Ministry of Environment, Conservation, and Parks - Dorset 

Environmental Science Centre chemistry lab, Dorset, ON. 

Lakes 

Coordinates 

(latitude, 

longitude) 

Maximum 

depth (m) 

Area 

(hectare) 

Total 

phosphorus 

concentration 

(μg/L) 

Total 

nitrogen 

concentration 

(μg/L) 

Chloride 

concentration 

(mg/L) 

Big 

Salmon 

44.529236, 

-76.527565 
40 111.5 5.5 250 0.53 

Opinicon 
44.565950, 

-76.320334 
10 790.0 14.9 520 5.94 

Round 
44.538561, 

-76.398511 
29.5 15 5.1 280 0.82 

South 

Otter 

44.496309, 

-76.545314 
9 44.4 9.2 400 4.51 
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Table B2. Formulae and references used to calculate zooplankton biomass (W = dry weight/μg, L 

= length/mm, V = volume/ml). Superscript numbers indicate taxa for which formulae were 

originally intended. Volumes of rotifers were converted to dry weight assuming a density of 1 

mg/cm3 (Pace and Orcutt 1981). 

Taxon Formula References 

Acanthocyclops robustus1 lnW = 1.3472+3.0087*lnL Lawrence et al. (1987) 

Acroperus harpae2 lnW = 2.2367 + 2.7418*lnL Malley et al. (1989) 

Aglaodiaptomus 

spatulocrenatus3 
lnW = 0.9717+2.7323*lnL Malley et al. (1989) 

Alona2 lnW = 2.2367 + 2.7418*lnL Malley et al. (1989) 

Anuraeopsis V = (0.03L^3) *1000 Ruttner-Kolisko (1977) 

Asplanchna V = (0.23L^3) *1000 Ruttner-Kolisko (1977) 

Bosmina freyi/liederi lnW = 4.9344 + 4.849*lnL Rosen (1981) 

Calanoid copepodid4 lnW = 0.9227+2.4235*lnL Malley et al. (1989) 

Ceriodaphnia dubia5 lnW = 1.915+2.02*lnL Dumont et al. (1975) 

Ceriodaphnia lacustris lnW = 2.7286 + 3.3370*lnL Malley et al. (1989) 

Chydorus sphaericus lnW = 4.49+3.93*lnL Dumont et al. (1975) 

Cyclopoid copepodid6 lnW = 1.3135+2.9005*lnL Malley et al. (1989) 

Nauplii lnW = 0.6977+0.569*lnL Rosen (1981) 

Daphnia ambigua lnW = 1.540 + 2.29*lnL Dumont et al. (1975) 

Daphnia dubia7 lnW = 1.0797 + 2.7188*lnL  Lawrence et al. (1987) 

Daphnia mendotae7 lnW = 1.0797 + 2.7188*lnL  Lawrence et al. (1987) 

Daphnia neonate lnW = 1.5072 + 2.7610*lnL Bottrell et al. (1976) 

Daphnia pulicaria lnW = 1.47 + 3.19*lnL Bottrell et al. (1976) 

Diacyclops thomasi lnW = 0.7606+3.9145*lnL Lawrence et al. (1987) 

Diaphanosoma birgei8 lnW = 1.6242+3.0468*lnL Bottrell et al. (1976) 

Ectocyclops phaleratus1 lnW = 1.3472+3.0087*lnL Lawrence et al. (1987) 

Euchlanis V = (0.1L^3) *1000 Ruttner-Kolisko (1977) 

Eurycercus9 lnW = 3.57 + 4.03*lnL Dumont et al. (1975) 

Gastropidae V = (0.20L^3) *1000 Bottrell et al. (1976) 

Holopedium gibberum lnW = 5.3976 + 2.056*lnL Bottrell et al. (1976) 

Kellicottia longispina 0.05 μg Cajander (1983) 

Keratella V = (0.02L^3) *1000 Ruttner-Kolisko (1977) 

Lecane V = (0.1L^3) *1000 Andersson et al. (2003) 

Lepadella V = (0.1L^3) *1000 Andersson et al. (2003) 

Limnocalanus macrurus3 lnW = 0.9717+2.7323*lnL Malley et al. (1989) 

Mesocyclops edax lnW = 1.3472+3.0087*lnL Lawrence et al. (1987) 

Microcyclops10 lnW = 1.7116 + 3.6663*lnL Lawrence et al. (1987) 
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Monostyla 0.12 μg Dickerson and Robinson (1984) 

Pleuroxus procurvus9 lnW = 3.57 + 4.03*lnL Dumont et al. (1975) 

Polyarthra V = (0.28L^3) *1000 Ruttner-Kolisko (1977) 

Scapholeberis mucronata lnW = 2.416+2.70*lnL Dumont et al. (1975) 

Simocephalus exspinosus11 lnW = 2.7286 + 3.3370*lnL Malley et al. (1989) 

Skistodiaptomus reighardi3 lnW = 0.9717+2.7323*lnL Malley et al. (1989) 

Trichocerca 0.1 μg Dumont et al. (1975) 

Tropocyclops prasinus 

mexicanus10 
lnW = 1.7116 + 3.6663*lnL Lawrence et al. (1987) 

1 Mesocyclops edax 

2 Alona rectangular 

3 Skistodiaptomus oregonensis 

4 Skistodiaptomus oregonensis copepodids 

5 Ceriodaphnia reticulata 

6 Diacyclops bicuspidatus thomasi and Mesocyclops edax copepodids 

7 Daphnia galeata mendotae 

8 Diaphanosoma brachyrum 

9 Pleuroxus aduncus  

10 Tropocyclops extensus 

11Ceriodaphnia lacustris 

 

Literature cited: 

Andersson, E., M-M. Tudorancea, C. Tudorancea, A-K. Brunberg, and P. Blomqvist. 2003. 

Water chemistry, biomass and production of biota in lake Eckarfjärden during 2002. Report to 

Swedish Nuclear Fuel and Waste Management Company (SKB). 

Bottrell, H. H., A. Duncan, Z. M. Gliwicz, E. Grygierek, A. Herzig, A. Hillbricht- Ilkowska, H. 

Kurasawa, P. Larsson and T. Weglenska. 1976. A review of some problems in zooplankton 

production studies. Nor. J. Zool. 24: 419-456. 

Cajander, V-R. 1983. Production of planktonic Rotatoria in Ormajärvi, an eutrophicated lake in 

southern Finland. Hydrobiol. 104: 329-333.  

Dickerson, J. E. Jr., and J. V. Robinson. 1984. The assembly of microscopic communities: 

patterns of species importance. Trans. Am. Microsc. Soc. 103: 164-171. 

Dumont, H. J., I. Van de Velde, and S. Dumont. 1975. Dry weight estimate of biomass in a 

selection of Cladocera, Copepoda, and Rotifera from the plankton, periphyton, and benthos of 

continental waters. Oecologia 19: 75-97. 

Lawrence, S. G., D. F. Malley, W. J. Findlay, M. A. MacIver, and I. L. Delbaere. 1987. Method 

for estimating dry weight of freshwater planktonic crustaceans from measures of length and 

shape. Can. J. Fish. Aquat. Sci. 44: 264-274. 



230 

 

Malley, D. F., S. G. Lawrence, M. A. MacIver, and W. J. Findlay. 1989. Range of variation in 

estimates of dry weight for planktonic crustacea and Rotifera from temperate North American 

lakes. Canadian Technical Report of Fisheries and Aquatic Sciences No. 1666. 

Pace, M. L., & Orcutt Jr, J. D. (1981). The relative importance of protozoans, rotifers, and 

crustaceans in a freshwater zooplankton community 1. Limnology and Oceanography, 26(5), 

822-830. 

Rosen, R. A. 1981. Length-dry weight relationships of some freshwater zooplankton. J. Freshw. 

Ecol. 1: 225-229.  

Ruttner-Kolisko, A. 1977. Suggestions for biomass calculations of plankton rotifers. Archiv. 

Hydrobiol. Beih. Ergeb. Limnol. 8: 71-76. 

 

 

Table B3. Summary of results of analysis of variances (ANOVA) tests on the total abundance, 

biomass, and richness of initial zooplankton communities. Initial zooplankton communities were 

compared across 7 treatments and control (N=5).  

 Abundance Biomass Richness 

F-values 0.395 0.364 0.687 

p-values 0.898 0.917 0.682 

Note: Levene’s and Shapiro-Wilk’s tests were used to test for assumptions of normality and equal 

variances among treatments.  
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Table B4. The rounded mean and standard deviation (SD) of each taxonomic group and total 

zooplankton abundance (individual per liter), biomass (mg/L), and richness of Control-early, 

Control-mid, Control-late, S-early, S-mid, and S-late by the end of each salt exposure period. 

  
Control-

early 

Control-

mid 

Control-

late 
S-early S-mid S-late 

Total 

Abundance 

Mean 108.17 92.81 163.76 77.64 75.33 80.80 

SD 18.80 14.84 37.93 12.21 12.50 4.74 

Total 

Biomass 

Mean 0.25 0.21 0.26 0.11 0.09 0.09 

SD 0.07 0.05 0.07 0.02 0.02 0.01 

Total 

Richness 

Mean 14.20 11.80 13.00 9.40 10.40 9.80 

SD 1.10 2.39 2.74 1.34 1.52 0.45 

Cladoceran 

Abundance 

Mean 26.49 19.83 53.12 9.64 9.87 14.67 

SD 5.35 5.53 20.56 2.41 3.63 6.34 

Cladoceran 

Biomass 

Mean 0.19 0.17 0.20 0.07 0.06 0.06 

SD 0.06 0.04 0.06 0.02 0.02 0.01 

Cladoceran 

Richness 

Mean 4.20 3.60 3.60 1.60 2.60 2.00 

SD 0.84 1.34 1.34 0.55 1.14 1.00 

Copepod 

Abundance 

Mean 16.91 10.32 16.80 15.00 9.20 13.87 

SD 7.12 3.23 7.51 3.33 1.28 5.09 

Copepod 

Biomass 

Mean 0.03 0.01 0.02 0.02 0.02 0.02 

SD 0.01 0.01 0.01 0.01 0.01 0.003 

Copepod 

Richness 

Mean 4.40 3.20 3.80 3.60 3.40 3.20 

SD 1.14 1.79 1.10 0.55 0.89 0.45 

Nauplii 

Abundance 

Mean 37.70 37.34 54.00 16.53 16.27 18.27 

SD 6.19 5.52 5.19 6.52 1.61 2.03 

Nauplii 

Biomass 

Mean 0.03 0.03 0.04 0.01 0.01 0.01 

SD 0.01 0.005 0.004 0.004 0.002 0.001 

Rotifer 

Abundance 

Mean 27.07 25.31 39.83 36.47 39.87 34.00 

SD 6.51 7.96 16.45 9.15 7.62 6.31 

Rotifer 

Biomass 

Mean 0.001 0.001 0.003 0.002 0.002 0.002 

SD 0.0003 0.001 0.002 0.001 0.001 0.001 

Rotifer 

Richness 

Mean 5.20 5.00 5.60 4.20 4.20 4.60 

SD 1.10 1.00 1.14 0.84 1.30 0.89 
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Table B5. Summary of PERMANOVA tests on total zooplankton abundance among control 

communities in early, mid, and late summer, and summary of PERMANOVA tests on total 

zooplankton abundance among salt treatment communities in early, mid, and late summer. 

 Control communities Salt treatment communities 

F-value 6.99 2.17 

p-value 0.001 0.042 
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Table B6. The mean and standard deviation (SD) of each taxonomic group and total zooplankton 

abundance (individuals per liter), biomass (mg/L), and richness of Control-late, S-early, S-mid, 

and S-late by the end of week 9 (after each recovery period). 

  Control-late 

S-early 

6-week-

recovery 

S-mid 

3-week-

recovery 

S-late 

No recovery 

Abundance 
Mean 163.76 147.71 107.70 80.80 

SD 37.93 30.32 13.22 4.74 

Biomass 
Mean 0.26 0.16 0.12 0.09 

SD 0.07 0.06 0.02 0.01 

Richness 
Mean 13.00 11.40 12.40 9.80 

SD 2.74 1.34 1.52 0.45 

Cladoceran 

Abundance 

Mean 53.12 26.36 31.07 14.67 

SD 20.56 20.76 2.93 6.34 

Cladoceran 

Biomass 

Mean 0.20 0.10 0.08 0.06 

SD 0.06 0.07 0.01 0.01 

Cladoceran 

Richness 

Mean 3.60 2.40 3.80 2.00 

SD 1.34 1.14 0.45 1.00 

Copepod 

Abundance 

Mean 16.80 18.36 11.11 13.87 

SD 7.51 9.43 5.36 5.09 

Copepod 

Biomass 

Mean 0.02 0.02 0.02 0.02 

SD 0.01 0.01 0.01 0.003 

Copepod 

Richness 

Mean 3.80 3.60 2.80 3.20 

SD 1.10 0.55 0.84 0.45 

Nauplii 

Abundance 

Mean 54.00 41.42 33.43 18.27 

SD 5.19 7.02 7.94 2.03 

Nauplii 

Biomass 

Mean 0.04 0.03 0.02 0.01 

SD 0.004 0.01 0.01 0.001 

Rotifer 

Abundance 

Mean 39.83 61.58 32.09 34.00 

SD 16.45 33.98 7.18 6.31 

Rotifer 

Biomass 

Mean 0.003 0.003 0.002 0.002 

SD 0.002 0.002 0.0003 0.001 

Rotifer 

Richness 

Mean 5.60 5.40 5.80 4.60 

SD 1.14 0.55 0.84 0.89 

 

  



234 

 

Table B7. The mean and standard deviation (SD) of total zooplankton abundance (individual per 

liter), biomass (mg/L), and richness of each treatment group at the end of the experiment. 

(salt=salt treatment; heat=heat treatment; salt&heat=two-stressor treatment) 

  0-week recovery 

  Control Salt & heat Salt Heat 

Abundance 
Mean 169.30 79.34 86.60 93.89 

SD 29.06 24.35 15.84 17.92 

Biomass 
Mean 0.27 0.07 0.09 0.11 

SD 0.07 0.01 0.01 0.05 

Richness 
Mean 13.40 12.20 11.20 11.00 

SD 2.51 1.64 1.79 1.00 

  3-week recovery 

  Control Salt & heat Salt Heat 

Abundance Mean 169.30 68.14 90.71 93.89 

 SD 29.06 19.04 9.12 17.92 

Biomass Mean 0.27 0.07 0.13 0.11 

 SD 0.07 0.02 0.02 0.05 

Richness Mean 13.40 10.40 12.00 11.00 

 SD 2.51 2.41 1.41 1.00 

  6-week recovery 

  Control Salt & heat Salt Heat 

Abundance Mean 169.30 79.07 140.86 93.89 

 SD 29.06 10.51 31.78 17.92 

Biomass Mean 0.27 0.06 0.16 0.11 

 SD 0.07 0.03 0.08 0.05 

Richness Mean 13.40 9.80 12.20 11.00 

 SD 2.51 1.64 0.84 1.00 
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Table B8. Summary of the results of analysis of deviance for GLM fits for total zooplankton 

abundance (individual per liter), biomass (mg/L), and richness at the end of the experiment. 

(salt= salt treatment; heat= heat treatment; salt&heat=two-stressor treatment) 

  
0-week recovery 

Salt&heat Heat Salt 

Abundance 
F-value 8.44 16.51 28.76 

p-value 0.004 <0.001 <0.001 

Biomass 
F-value 13.49 23.91 32.17 

p-value 0.002 <0.001 <0.001 

Richness 
F-value 4.52 0.79 0.40 

p-value 0.049 0.388 0.535 

  
3-week recovery 

Salt&heat Heat Salt 

Abundance 
F-value 3.89 34.33 43.80 

p-value 0.048 <0.001 <0.001 

Biomass 
F-value 7.46 32.87 20.54 

p-value 0.015 <0.001 <0.001 

Richness 
F-value 0.07 5.28 1.32 

p-value 0.792 0.035 0.268 

  
6-week recovery 

Salt&heat Heat Salt 

Abundance 
F-value 0.27 49.68 4.79 

p-value 0.611 <0.001 0.044 

Biomass 
F-value 1.83 22.47 8.60 

p-value 0.195 <0.001 0.010 

Richness 
F-value 0.12 11.27 2.81 

p-value 0.731 0.004 0.113 
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Table B9. Summary of PERMANOVA tests on zooplankton community composition at the end 

of the experiment. (salt= salt treatment; heat= heat treatment; salt*heat=two-stressor treatment)  

 0-week recovery 

 Salt*heat Heat Salt 

F-value 2.63 3.62 12.03 

p-value 0.040 0.019 0.001 

  3-week recovery  

 Salt*heat Heat Salt 

F-value 1.71 5.83 4.67 

p-value 0.102 0.001 0.001 

  6-week recovery  

 Salt*heat Heat Salt 

F-value 1.22 8.36 3.76 

p-value 0.281 0.001 0.008 
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Table B10. The mean and standard deviation (SD) of abundance (individuals per liter), biomass 

(mg/L), and richness of each taxonomic group in each treatment group. (salt= salt treatment; 

heat= heat treatment; salt&heat=two-stressor treatment)  

 Taxonomic groups 
0-week recovery 

Control Salt & heat Salt Heat 

Abundance 

Cladoceran 
Mean 51.61 9.35 16.62 28.87 

SD 20.85 4.04 7.44 10.69 

Copepod 
Mean 15.09 10.38 12.38 12.73 

SD 6.93 3.84 5.04 6.53 

Nauplii 
Mean 54.00 16.32 18.38 23.47 

SD 9.89 5.31 2.27 3.80 

Rotifer 
Mean 48.60 43.28 39.22 28.82 

SD 13.17 21.19 10.36 12.22 

Biomass 

Cladoceran 
Mean 0.21 0.04 0.06 0.07 

SD 0.06 0.02 0.01 0.04 

Copepod 
Mean 0.02 0.02 0.02 0.02 

SD 0.01 0.01 0.01 0.01 

Nauplii 
Mean 0.04 0.01 0.01 0.02 

SD 0.01 0.004 0.002 0.003 

Rotifer 
Mean 0.004 0.003 0.003 0.002 

SD 0.001 0.001 0.001 0.001 

Richness 

Cladoceran 
Mean 4.00 2.40 2.80 3.00 

SD 1.41 0.55 1.30 1.00 

Copepod 
Mean 3.40 3.40 3.40 3.60 

SD 0.89 0.89 1.67 0.89 

Rotifer 
Mean 6.00 6.40 5.00 4.40 

SD 1.00 1.34 0.71 0.89 

 Taxonomic groups 
3-week recovery 

Control Salt & heat Salt Heat 

Abundance 

Cladoceran 
Mean 51.61 9.47 25.09 28.87 

SD 20.85 7.01 3.59 10.69 

Copepod 
Mean 15.09 10.18 9.47 12.73 

SD 6.93 5.55 4.91 6.53 

Nauplii 
Mean 54.00 14.42 34.69 23.47 

SD 9.89 10.58 13.36 3.80 

Rotifer 
Mean 48.60 34.08 21.47 28.82 

SD 13.17 18.25 7.23 12.22 

Biomass Cladoceran Mean 0.21 0.04 0.09 0.07 



238 

 

SD 0.06 0.02 0.01 0.04 

Copepod 
Mean 0.02 0.02 0.02 0.02 

SD 0.01 0.01 0.01 0.01 

Nauplii 
Mean 0.04 0.01 0.02 0.02 

SD 0.01 0.01 0.01 0.003 

Rotifer 
Mean 0.004 0.002 0.002 0.002 

SD 0.001 0.001 0.001 0.001 

Richness 

Cladoceran 
Mean 4.00 2.60 3.60 3.00 

SD 1.41 1.52 0.55 1.00 

Copepod 
Mean 3.40 2.80 2.60 3.60 

SD 0.89 1.30 1.34 0.89 

Rotifer 
Mean 6.00 5.00 5.80 4.40 

SD 1.00 1.22 0.84 0.89 

 Taxonomic groups 
6-week recovery 

Control Salt & heat Salt Heat 

Abundance 

Cladoceran 
Mean 51.61 13.60 24.98 28.87 

SD 20.85 7.87 17.83 10.69 

Copepod 
Mean 15.09 7.47 15.96 12.73 

SD 6.93 4.89 7.29 6.53 

Nauplii 
Mean 54.00 14.53 38.34 23.47 

SD 9.89 11.99 5.58 3.80 

Rotifer 
Mean 48.60 43.47 61.58 28.82 

SD 13.17 8.09 39.68 12.22 

Biomass 

Cladoceran 
Mean 0.21 0.03 0.11 0.07 

SD 0.06 0.02 0.07 0.04 

Copepod 
Mean 0.02 0.01 0.02 0.02 

SD 0.01 0.01 0.01 0.01 

Nauplii 
Mean 0.04 0.01 0.03 0.02 

SD 0.01 0.01 0.003 0.003 

Rotifer 
Mean 0.004 0.003 0.004 0.002 

SD 0.001 0.001 0.002 0.001 

Richness 

Cladoceran 
Mean 4.00 2.20 3.60 3.00 

SD 1.41 1.30 0.55 1.00 

Copepod 
Mean 3.40 2.00 3.20 3.60 

SD 0.89 0.71 0.45 0.89 

Rotifer 
Mean 6.00 5.60 5.40 4.40 

SD 1.00 0.55 0.55 0.89 
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Table B11. This appendix showed a summary of the results of the analysis of deviance for GLM 

fits for zooplankton abundance, biomass, and richness of each taxonomic group. Bolded p-values 

indicate significant p-values before false discovery rate (FDR) correction. ‘*’ indicates the p-

values that were still significant after FDR correction; salt= salt treatment; heat= heat treatment; 

salt & heat=two-stressor treatment.  

 Taxonomic groups 
0-week recovery 

Salt & heat Salt Heat 

Abundance 

Cladoceran 
F-value 1.86 35.41 7.74 

p-value 0.192 <0.001* 0.013* 

Copepod 
F-value 0.01 1.04 0.76 

p-value 0.920 0.324 0.397 

Nauplii 
F-value 14.14 81.57 46.23 

p-value <0.001* <0.001* <0.001* 

Rotifer 
F-value 4.65 0.20 2.06 

p-value 0.031 0.657 0.151 

Biomass 

Cladoceran 
F-value 0.007 34.64 22.37 

p-value 0.936 <0.001* <0.001* 

Copepod 
F-value 0.06 0.35 0.09 

p-value 0.814 0.564 0.763 

Nauplii 
F-value 1.69 60.44 30.91 

p-value 0.212 <0.001* <0.001* 

Rotifer 
F-value 3.99 0.10 3.63 

p-value 0.063 0.752 0.075 

Richness 

Cladoceran 
F-value 0.05 3.49 2.06 

p-value 0.831 0.080 0.171 

Copepod 
F-value 0.04 0.04 0.04 

p-value 0.852 0.848 0.848 

Rotifer 
F-value 11.72 1.27 0.05 

p-value 0.003* 0.277 0.825 

 Taxonomic groups 
3-week recovery 

Salt & heat Salt Heat 

Abundance 

Cladoceran 
F-value 1.29 25.15 19.21 

p-value 0.256 <0.001* <0.001* 

Copepod 
F-value 0.34 2.85 0.08 

p-value 0.557 0.091 0.782 

Nauplii 
F-value 1.31 9.99 32.05 

p-value 0.269 0.006* <0.001* 

Rotifer F-value 8.64 3.99 0.08 
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p-value 0.003* 0.046 0.777 

Biomass 

Cladoceran 
F-value 0.30 17.39 24.05 

p-value 0.591 <0.001* <0.001* 

Copepod 
F-value 0.01 0.01 0.02 

p-value 0.916 0.907 0.884 

Nauplii 
F-value 1.67 12.97 33.45 

p-value 0.215 0.002* <0.001* 

Rotifer 
F-value 1.17 2.14 3.48 

p-value 0.295 0.163 0.081 

Richness 

Cladoceran 
F-value 0.00 0.57 3.57 

p-value 1.00 0.461 0.077 

Copepod 
F-value 0.00 2.51 0.157 

p-value 1.00 0.133 0.697 

Rotifer 
F-value 0.8 0.2 7.2 

p-value 0.384 0.661 0.016* 

 Taxonomic groups 
6-week recovery 

Salt & heat Salt Heat 

Abundance 

Cladoceran 
F-value 0.004 10.41 6.75 

p-value 0.953 0.001* 0.009* 

Copepod 
F-value 2.14 0.75 4.97 

p-value 0.144 0.386 0.026* 

Nauplii 
F-value 0.79 10.52 51.39 

p-value 0.388 0.005* <0.001* 

Rotifer 
F-value 0.65 2.64 4.91 

p-value 0.433 0.124 0.042* 

Biomass 

Cladoceran 
F-value 2.12 8.67 19.58 

p-value 0.165 0.010* <0.001* 

Copepod 
F-value 1.28 0.67 1.15 

p-value 0.275 0.426 0.300 

Nauplii 
F-value 0.64 9.34 49.51 

p-value 0.437 0.008* <0.001* 

Rotifer 
F-value 2.74 1.83 4.56 

p-value 0.117 0.195 0.049 

Richness 

Cladoceran 
F-value 0.16 1.44 5.76 

p-value 0.694 0.248 0.029 

Copepod 
F-value 4.26 7.04 2.17 

p-value 0.056 0.017 0.160 

Rotifer F-value 6.75 0.75 4.08 
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p-value 0.019 0.400 0.060 

 

 

 

 

Table B12. Summary of results of ANOVA for chlorophyll-a concentration. The concentrations 

were compared through time (Date) and across treatments. 

 Date Treatments Date & Treatments 

F-values 48.71 1.44 1.05 

p-values <0.001 0.194 0.41 
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Appendix C. Supplementary Figures and Tables for Chapter 4 

Figure C1. Experimental design diagram. 
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Table C1. Nominal concentrations of chloride and sodium and analytical concentration of 

chloride (mg/L) in test media for 21-day life-history bioassay. We did not measure sodium 

concentration in the test media. 

Nominal sodium (mg/L) Nominal chloride (mg/L) Analytical chloride (mg/L) 

8.61 18.5 (COMBO) 17.27 

29.24 50 49.12 

157.44 250 246.98 

318.00 500 494.8 

477.86 750 741.55 

593.95 1000 920.73 

870.78 1500 1348.01 

1259.29 2000 1947.67 

 

 

 

Table C2. Summary of the results of ANOVA for LM fit and analysis of deviance for GLM fit of 

survival, fecundity, and growth rate*. (salt=salt treatment; heat=heat treatment; history=previous 

exposure history) 

 Salt-survival Salt-fecundity Salt-growth rate 

 salt history salt history salt history 

F-values 386.1 10.4 197.5 8.9 162.3 13.0 

p-values <0.001 0.001 <0.001 0.003 <0.001 <0.001 

    

 Heat-adult survival Heat-neonate survival Heat-growth rate 

 heat history heat history heat history 

F-values 203.5 0.4 147.0 0.1 17.7 1.6 

p-values <0.001 0.535 <0.001 0.742 <0.001 0.205 

*By comparing the AIC values between different models, we found no support for the interaction 

term (i.e., “salt+history” & “heat+history” were used in the analyses). 
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Figure C2. Mean values of LC50 and EC50 in salt tolerance experiment with 84% confidence 

intervals (Payton et al., 2003). “*” indicates that there was a significant difference between the 

populations (alpha=0.05); Previous exposure history: NSE=no-salt-exposure; SE= previously 

salt-exposed 

Payton ME, Greenstone MH, Schenker N (2003) Overlapping confidence intervals or standard 

error intervals: what do they mean in terms of statistical significance? Journal of Insect Science 

3(1): 1-6. DOI: 101093/jis/3134 
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Figure C3. Mean values of LT50 and ET50 in salt tolerance experiment with 84% confidence 

intervals (Payton et al., 2003). neo=neonate; Previous exposure history: NSE=no-salt-exposure; 

SE= previously salt-exposed 

 

Table C3. Comparison of LT50 of adult and neonate population survival in the heat tolerance 

experiment.  

Traits Parameters T-test results Values (℃) 
84% confidence 

interval 

Survival in adults 

vs. neonates 
LC50 

t-value=-3.39 Mean(Adult)=29.4 ±0.74 

p-value=0.002 Mean(Neonate)=31.2 ±0.33 
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Figure C4. Dose-response curves for the survival (a), fecundity (b), and growth rate (c) of 

Daphnia treatment groups without (blue lines, NSE) and with (pink line, SE) previous exposure 

history in response to log-transformed Cl− concentration gradient. Each line represents a single 

iso-female line of Daphnia. Proportion fecundity and proportion growth rate were calculated by 

dividing each value by the largest value among all treatments. 
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Appendix D. Supplementary Figures and Tables for Chapter 5 

Table D1. Chloride concentration (mg/L) in test media for 21-day life-history bioassay. 

Nominal chloride (mg/L) Analytical chloride (mg/L) 

18.5 (COMBO, NS) 15.79 

350 (Salt) 373.50 

Figure D1. Daphnia culturing and experiment steps. 

 

Table D2. Distribution and link functions used in the statistical analyses. 

 

    Variables 
Metabolic rate NKA activity Lipid peroxidation 

Distribution Gaussian Gamma Gamma 

Link function Identity Inverse Inverse 

    

    Variables Survival during 

recovery period 

Fecundity during 

recovery period 

Survival after heat 

treatment 

Distribution Gaussian Gaussian Binomial 

Link function Identity Identity Probit 
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Appendix E. Boxplots showing the Daphnia pulicaria abundance in each treatment in the 

two mesocosm experiments. 

6-a for the first mesocosm experiment. H indicates heat-only treatment, SimS and SeqS represent 

salt-only treatments in the two scenarios, and SimSH and SeqSH represent the two-stressor 

treatments in the two scenarios.  

6-b for the 0-week recovery scenario in the second mesocosm experiment. H indicates heat-only 

treatment, S0 represents salt-only treatment, and SH0 indicates the two-stressor treatment. 

 

6-a GLM results: pSimS < 0.001; pH = 0.205; pSimSH = 0.937; pSeqS < 0.001; pH = 0.080; pSeqSH = 

0.314 

6-b GLM results: pS0 = 0.009; pH = 0.001; pSH0 = 0.207 

 


