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Abstract 
Temperate and high latitude terrestrial ecosystems have high thermal variability, and the 

ectotherms that inhabit these regions must have thermal tolerances that mirror these 

temperatures. However, the thermal limits of many high-latitude arachnids are unknown, as well 

as any underlying mechanisms of seasonal plasticity for any arachnid. The objective of my thesis 

is to measure the thermal tolerances of temperate, Arctic, and sub-Arctic arachnids, and identify 

if they have thermal plasticity, either seasonally or following acclimation. I collected the high-

latitude pseudoscorpion Wyochernes asiaticus streamside from the Yukon Territory, where 

besides large thermal variability, they are also inundated with spring flooding. I also collected a 

variety of wolf spiders (Genus Pardosa) in the Yukon, Greenland, and Norway, where they are 

abundant and active on the tundra in the Arctic summer. In the lab, half of the of the air-exposed 

and low oxygen water-submerged pseudoscorpions survived for 17 days; showing that they are 

likely adapted to seasonal flooding. The pseudoscorpions and spiders I collected in the summer 

have thermal tolerances (the low and high temperatures at which activity stops) that range from -

6°C in both pseudoscorpions and spiders, to 37.8°C (in pseudoscorpions) and 45°C (in spiders). 

Following 4°C-acclimation, the spiders did not show an ecologically significant change in their 

thermal tolerance breadths (Tbr, the difference between their low- and high-temperature 

tolerance), potentially because their Tbr is large enough to remain active during summer 

temperatures. I collected the temperate and freeze-tolerant red velvet mite in late fall, mid-

winter, and early spring to compare their lower lethal temperature, and potential mechanisms 

associated with cold-tolerance. In mid-winter, the hemolymph osmolality and glycerol content 

increases, and water content decreases: all likely cryoprotectant mechanisms. Temperate red 

velvet mites show seasonal acclimatization resulting in freeze-tolerance, the first evidence of 

freeze-tolerance in microarthropods.  
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Chapter 1  

1 Introduction 

Thermal biologists study the impact of the environmental temperature on an individual 

level which ultimately affects performance and fitness (Clarke, 2017). Species are limited 

in their poleward expansion by many biotic and abiotic factors, including temperature 

(Sexton et al., 2009; Stevens, 1989): species that have ranges that extend to high latitudes 

have therefore evolved mechanisms to increase their tolerance in response to abiotic 

stressors they are likely to encounter at these higher latitudes through physiological and 

behavioural means. However, climate change will cause an increase in average global 

temperatures, and lead to more frequent thermal extremes (IPCC, 2014; Kattsov and 

Källén, 2005; Post et al., 2009). Additionally, acclimation resulting from prolonged pre-

exposure to a change in temperature can shift the thermal limits, expanding the thermal 

breadth of activity and survival. By studying the thermal biology of organisms, we can 

learn how an organism survives in its environment and provide information that leads to 

predictions about the survival, distribution, and adaptability of species to climate change 

(e.g. Sinclair et al., 2016). 

Arachnids are a Class of arthropods in the subphylum Chelicerata. Of the 12 Orders of 

Arachnids, five are distributed as far north as the Arctic: the Araneae (spiders), 

Pseudoscorpiones (pseudoscorpions), Actinotrichida (mites), Anactinotrichida (ticks), 

and Opiliones (harvestmen) (Figure 1.1). Two orders of arachnids (mites and ticks) are 

found on the Antarctic continent (Barbosa et al., 2011; Block, 1994; Leech, 1966). 

Arachnids are also present at high altitudes such as salticid spiders from Mt. Everest at 

6700 m (Swan, 1992). Arachnids play ecological roles as predators, detritivores, and 

herbivores. Some negatively impact humans as crop pests (e.g. the spider mite 

Tetranychus urticae; Attia et al., 2013), disease vectors (e.g. the tick Ixodes dammini; 

Burgdorfer et al., 1982), or by biting and stinging (e.g. some spiders and scorpions) with 

nuisance or health impacts (e.g. Diaz, 2004; Isbister and Bawaskar, 2014).  
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Figure 1.1 Latitudinal distribution of arachnid orders. Orders Actinotrichida (mites) 

and Anactinotrichida (ticks) were recently separated into two orders, but I present them 

together here as Subclass Acari. References for distribution and number of known species 

within each order in Table 1.1. 
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Table 1.1 References for latitudinal distribution and species number for arachnid 
orders (Figure 1.1). 

Order Northern Distribution Southern Distribution Species number 
Ricinulei Ratnasingham and Hebert 

(2007) 
Ratnasingham and 
Hebert (2007) 

Tourinho et al. (2010) 

Acari Gwiazdowicz and 
Coulson (2011) 

Sjursen and Sinclair 
(2002) 

Beccaloni (2009) 

Schizonida Cokendolpher and 
Lanfranco (1985) 

Ratnasingham and 
Hebert (2007) 

Manzanilla et al. (2008) 

Thelyphonida Beron (2018) Beron (2018)  Harvey (2013) 
Amblypygi Beron (2018) Beron (2018) de Miranda et al. (2018) 
Araneae Marusik et al. (2005) Davies et al. (1997) World spider catalog 

(2019) 
Palpigradi Harvey et al. (2006) Harvey et al. (2006) Beron (2018) 
Solifugae Beron (2018) Beron (2018) Prendini (2011) 
Pseudoscorpiones Buddle (2015) Vitali-di-Castri (1968) Harvey (2011) 
Opiliones Stol (2003) Beron (2018) Kury (2013) 
Scorpiones Fet (2010) cited in Beron 

(2018) 
Acosta (2005) Rein (2017) 

Arachnids are one of the top terrestrial arthropod predators in Arctic and temperate 

habitats (Wirta et al., 2015), however, they are often neglected in global 

macrophysiological studies (e.g. Bennett et al., 2018; Sunday et al., 2011). The absence 

of high-latitude arachnid data in these studies is problematic. The predicted changes to 

climate will not only result in a larger increase in average air temperature in high 

latitudes compared to lower latitudes, but more extreme weather events (Duarte et al., 

2012). Changes in temperature, and also hydrology (e.g. snowfall and water run-off) 

could negatively impact high-latitude arachnids, therefore there is an urgent need to 

understand physiological boundaries to abiotic influences. The aim of my thesis is to 

measure the thermal tolerances of some temperate, sub-Arctic, and Arctic arachnids, 

determine the capacity for plasticity in response to acclimation in high-latitude spiders, 

and seasonal acclimatization in a temperate mite. I conducted this research on the 

summer-collected pseudoscorpion Wyochernes asiaticus from the Yukon Territory and 

on wolf spiders of the genus Pardosa from the Yukon Territory, Greenland, and Norway. 

I further measured seasonal acclimatization in the red velvet mite Allothrombium sp. 

from Southwestern Ontario, Canada. I selected the pseudoscorpions because of their 

unique distribution (Beringia) and the abiotic stressors, both temperature and flooding, 

that they likely experience. I selected the Pardosa spiders because they are active and 
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abundant on the tundra through the short summer season. I selected the red velvet mite, 

later identified as Allothrombium sp., because it was the first known freeze-tolerant 

microarthropod, and the third freeze-tolerant arachnid described. 

1.1 Biology of Arachnids 

1.1.1 Diversity and Habitat 

Of the 12 orders of arachnids (Dunlop, 2010), the commonest include mites and ticks, 

spiders, scorpions, and harvestmen, which are more widely distributed and speciose than 

the other orders: for example, there are over 47,000 named species of spider (World 

Spider Catalog, 2019), but only 67 species of Ricinulei (Tourinho et al., 2010; Figure 1.1) 

(Figure 1.1). At high latitudes, temperatures vary greatly by season (e.g. from 30.4 °C in 

summer to -39.7 °C in winter) (Government of Yukon; RWIS, 2019); and in desert 

ecosystems, daily surface temperatures can vary: for example the Israeli desert can have a 

daily surface temperature range from 15.8 to 50.2 °C (Gutterman, 1997). Arachnids in 

these environments have evolved behavioural and physiological and anatomical 

adaptations to survive the variable environments.  

1.1.2 General Anatomy and Gas Exchange  

The anatomy and physiology of arachnids vary among and within the orders, although 

they share some similar features. Most arachnids have eight walking legs as adults; 

spiders, amblypygids, mites, ticks, uropygids, palpigrades, and ricinulids extend these 

legs by forcing the hemolymph into the extremities, whereas the harvestmen, scorpions, 

pseudoscorpions, and solifuges have extensor muscles (Schultz, 1989). Some arachnids 

produce silk for prey capture, reproduction, and/or shelter; some arachnids produce 

venom, primarily for prey capture (Coddington and Colwell, 2001). 

There are several mechanisms by which arachnids oxygenate their cells. Some spiders 

(the infraorder Mygalomorphae) have book lungs as a site of gas exchange, or a 

combination of book lungs and an oxygen transport system using hemocyanin as the 

carrier molecule (Burmester, 2002). However, the other orders of arachnids make use of 
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their small size for simple diffusion (e.g. palpigrades and some mites), and others (such 

as pseudoscorpions, Ricinulei, solifuges, harvestmen, mites, ticks, and araneomorph 

spiders) use the same spiracle and tracheal system employed by insects (Beccaloni, 2009; 

Foelix, 2011). 

1.2 Thermal Biology 

Previous reviews on the subject of arachnid thermal biology focus on a few key species, 

such as the Antarctic mites (e.g. Block and Convey, 1995), general desert adaptations 

(e.g. Cloudsley-Thompson, 1993), or are represented under a small sub-heading in 

general arachnid reviews (Canals et al., 2015). There is very little information on low-

temperature tolerance of high latitude species and pre-adult arachnids, other than in mites 

(e.g. Cannon and Block, 1988). Temperature is also very important in the early life-

stages: for example, spiderlings likely experience very low temperatures when dispersing 

by ballooning; ballooning spiderlings were collected by plane at 4500 m (Glick, 1939).   

1.2.1 Thermal Tolerances 

Arachnids are ectotherms, and therefore their internal body temperature mirrors that of 

the environment. Their activity is influenced by temperature, best described by a thermal 

performance curve (Huey and Stevenson, 1979; Sinclair et al., 2016), which is bounded 

by the critical thermal limits (minima CTmin and maxima CTmax), where activity ceases 

(Figure 1.2). The temperature range between the CTmin and CTmax is the thermal breadth 

(Tbr). When activity means the ability to hunt, feed, defend, and reproduce, the effects of 

temperature can have repercussions on fitness (Huey and Kingsolver, 1989). 
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Figure 1.2 A hypothetical Thermal Performance Curve (TPC). The performance is 

zero at the critical thermal limits (CTmin and CTmax). Adapted and redrawn from Huey and 

Stevenson (1979). 

Cold tolerance strategies of ectotherms include freeze-tolerance, where the organism can 

survive internal ice formation; and freeze-avoidance, where the animal survives until they 

freeze; chill susceptible animals die at low temperatures unrelated to freezing (Lee, 

2010). The abiotic environments that could favour the evolution of freeze-tolerance 

include environments with long periods of low temperatures, those with unpredictable 

freeze-thaw cycles and environments with high humidity in conjunction with low 

temperature, where external ice inoculation is less avoidable (Sinclair et al., 2003; 

Toxopeus and Sinclair, 2018). The supercooling point (SCP) is the temperature at which 

the animal freezes. The lower lethal temperature (LLT), or lower lethal temperature 

where 50% survive (LLT50), in freeze tolerant and chill susceptible species provides 

information on the lower survival temperature; the equivalent to SCP in freeze-avoidant 

organisms (Sinclair et al., 2015). Both LLT and LLT50 are time-dependent, meaning the 

hold time at the low temperature, and the rate of cooling and warming can affect the 
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outcome: slower rates and longer time held at low temperatures can result in high 

LLT/LLT50 (Sinclair et al., 2015). At the CTmin, sometimes referred to as the chill coma 

onset (Sinclair et al., 2015), ectotherms cease to respond to tactile stimuli. The theorised 

cause of this is the inactivation of membrane proteins which ultimately cause the loss of 

ion homeostasis, resulting in a reversible state of paralysis (Overgaard and MacMillan, 

2017).  

Low temperatures can cause lethal injury by a number of mechanisms, and in terrestrial 

ectotherms, these mechanisms have been described primarily in insects. At low 

temperatures, ion and water homeostasis are lost in crickets (MacMillan and Sinclair, 

2011) causing death in chill-susceptible ectotherms. Low temperatures also decrease 

membrane fluidity, further disrupting normal cell activity and membrane permeability 

(Somero et al., 2017). At low temperatures, there is also a risk of freezing, and ice can 

physically damage cell membranes, cause dehydration stress by concentrating cellular 

fluids, and cause hypoxia stress by reducing gas diffusion (Toxopeus and Sinclair, 2018).  

At high temperatures, ectotherms reach a point where their bodies spasm (Lutterschmidt 

and Hutchison, 1997) and controlled activity ceases (CTmax). The processes that result in 

CTmax in insects can be caused by the destabilization or denaturation of macromolecules, 

or increase in membrane fluidity which prevents cellular communication, disrupts ion 

balance, decreases pH, and increases desiccation (Neven, 2000; Somero et al., 2017). 

Insects can protect their cells at both high and low temperatures, and mitigate the impact 

of these temperatures by mechanisms such as heat shock proteins, desiccation resistance, 

alteration in membrane composition, and changes to enzyme number and type (see 

section 1.2.2). 

1.2.2 Plasticity of Thermal Tolerances 

There are many mechanisms that ectotherms have evolved to counteract the negative 

consequences of their ambient temperature, especially if it exceeds their thermal 

tolerance limits. Some arachnids regulate their temperature through behaviour, where 

they will move away from temperatures that are detrimental, either too high or too low 

(e.g. burrowing in desert arachnids; Cloudsley-Thompson, 1993; Lubin and Henschel, 



 

 

8 

1990). Others have shown physiological plasticity in their thermal tolerance in response 

to changing seasons or temperature acclimation: the supercooling point of mite Halozetes 

marionensis from Antarctica is -5 °C when acclimated at 15 °C, and -20.3 when 

acclimated at 0 °C (Deere et al., 2006).  

Acclimation to different temperatures and seasonal changes can alter low-temperature 

tolerance, such as SCP. The supercooling point is often lowered in the winter, correlated 

with empty guts, and/or the production of cryoprotectant polyols, antifreeze proteins, or 

by cryoprotective dehydration (Wharton, 2003). Gut contents (food) can act as a site of 

ice nucleation, and therefore the absence of any gut nucleators will result in a lower SCP 

(Block and Sømme, 1982; Clark and Worland, 2008; Salt, 1961). The increased 

concentration of cryoprotectants, such as low molecular weight polyols and free amino 

acids, protect organisms from the effects of low temperatures and freezing, by several 

hypothesised processes (outlined in Toxopeus and Sinclair, 2018; Zachariassen, 1985). 

For example, the cryoprotectants may act colligatively to concentrate the hemolymph, 

reducing the amount of free water for freezing. Dehydration acts in the same manner, and 

leads to an increase in hemolymph concentration, also suppressing the freezing point 

(Elnitsky et al., 2008; Toxopeus and Sinclair, 2018). Thermal hysteresis factors, such as 

thermal hysteresis proteins (THPs, or antifreeze proteins) protect freeze-avoidant 

organisms from ice damage by preventing ice crystal spread, or controlling ice formation 

in freeze-tolerant insects (Duman, 2001). These molecular correlates commonly found in 

insects that lower their SCP in preparation for low winter temperatures are also 

accumulated by overwintering or low-temperature acclimated arachnids, such as mites 

(e.g. Block and Duman, 1989) (Table 1.2).  
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Table 1.2 Evidence of cryoprotectants and thermal hysteresis factors in arachnids and seasonality of their synthesis. (-) 
indicates that this was not investigated. 

Order Species Cryoprotectant molecules Thermal 
hysteresis 
factors 

Seasonality Ecosystem Reference 
 

       
Actinotrichida Stereotydeus mollis 

 
Glucose, myo-inositol, 
trehalose, trace glycerol 

absent - Polar Sinclair and Sjursen (2001) 

Actinotrichida Alaskozetes 
antarcticus 

glucose, ribitol, glycerol present Yes Sub-Polar Block and Sømme (1982); 
Block and Duman (1989) 

Actinotrichida Phauloppia spp.  present Yes Sub-Polar Sjursen and Sømme (2000) 
Actinotrichida Allothrombium sp.  Glycerol absent Yes Temperate Anthony and Sinclair (2019) 
Araneae Euathlus condorito Glycerol and trehalose present Yes Alpine Cubillos et al. (2018) 
Araneae Ceraticelus laetus Glycogen, trehalose, fructose, 

glucose, mannitol, glycerol, and 
other unidentified free sugars 
and polyols 

- Yes Prairie Aitchison and Hegdekar 
(1982) 

Araneae Diplocephalus 
cuneatus (winter) 

Glycogen, mannitol, and other 
free sugars and polyols 

- - Prairie Aitchison and Hegdekar 
(1982) 

Araneae Oxyptila sincera 
canadensis (winter) 

Glycogen, trehalose, glucose, 
mannitol, glycerol 

- Yes Prairie Aitchison and Hegdekar 
(1982) 

Araneae Parasteatoda 
tepidariorum 

Glycogen, sorbitol, scyllo-
inositol, myo-inositol 

- Yes Temperate Tanaka (1995) 

Araneae Erigone arctica  present - Arctic Aunaas et al. (1983) 
Araneae Araneus cavaticus Proline and alanine increase in 

diapause 
- Yes Temperate Tillinghast and Townley 

(2008) 
Scorpionida Paruroctonus 

aquilonalis 
No glycerol or sorbitol - No Desert Riddle and Pugach (1976) 

Scorpionida Centruroides vittatus Trehalose and trace amounts of 
glycerol 

- Yes Desert Whitmore et al. (1985) 
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Changes in CTmin can also occur as a response to acclimation: the CTmin decreases with 

low acclimation temperature in the mite Alaskozetes antarcticus (Everatt et al., 2013). To 

alter CTmin, and therefore to remain active at lower temperatures, there is evidence of 

increased ion-transport proteins in Drosophila (Yerushalmi et al., 2018) and increased 

activity of those ion-transport proteins at low temperatures in the cricket Gryllus 

pennsylvanicus (Des Marteaux et al., 2018). 

Ectotherms may alter their low-temperature tolerance seasonally, such as a decrease in 

SCP in winter months. Seasonal thermal plasticity evolves most often in geographic 

regions with predictable seasonal changes in temperature and reliable cues indicating the 

onset of temperature change (Auld et al., 2010; Whitman and Agrawal, 2009). For 

example, seasonal plasticity of SCP occurs in the mite Phauloppia spp. from Norway, 

where their SCP decreases from -9.4 °C in the summer to -35.5 in the winter (Sjursen and 

Sømme, 2000). Low molecular weight cryoprotectants such as glycerol and trehalose 

increase in freeze-tolerant insects (e.g. Gryllus veletis) potentially to reduce ice content or 

to protect cells (Toxopeus, 2018); the same molecules that are increased in freeze-

avoidant species, putatively to decrease SCP. In the winter freeze-tolerant goldenrod gall 

fly (Eurosta solidaginis), unsaturated membrane fatty acids increased relative to saturated 

fatty acids in preparation for winter, potentially to increase the membrane fluidity 

(Bennett et al., 1997). Further, ice nucleating molecules are produced to initiate freezing 

and prevent supercooling. Antifreeze proteins are also produced when becoming freeze-

tolerant, potentially to prevent intercellular ice growth or recrystallization (Lee, 2010). 

Although these findings are from insect species, there is some evidence that arachnids 

may also use the same mechanisms for low-temperature tolerance, such as the winter 

production of cryoprotectants, and evidence of thermal hysteresis factors (Table 1.2). 

SCP varies within arachnid species such as among life stages, and feeding status. Both 

the adults and larvae of the seal and seabird ectoparasitic tick Ixodes uriae live in the 

same environment (Frenot et al., 2001; Murray and Vestjens, 1967), however the SCP is 

13.8 °C lower as a larva than as an adult (Lee and Baust, 1987). Food acts as an ice 

nucleator (Salt, 1968) and can therefore increase SCP. The Antarctic mite Alaskozetes 
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antarcticus (Block and Sømme, 1982) and Japanese populations of the spider 

Parasteatoda tepidariorum spiders (Tanaka and Watanabe, 2003) have higher SCPs 

when fed vs. unfed. However, SCP is not significantly different between blood-engorged 

and non-engorged female Ixodes scapularis (ticks) from Nova Scotia, Canada at 44.6°N 

(Curry et al., 2017), therefore the nucleating effect of food is likely unrelated to the water 

that is ingested with the food, and may instead be initiated by the bacteria that accompany 

food (Tanaka and Watanabe, 2003). Because of the differences that can occur in SCP 

within species, it is important to clearly identify the conditions (age, feeding status, water 

content) of any organism when measuring SCP. 

At high temperatures, proteins can denature, membrane fluidity can increase, and ion 

homeostasis can be lost (Williams et al., 2016) all of which may contribute to the loss of 

activity (at the CTmax) and ultimately result in death (Somero, 2002). Acclimation does 

not often change CTmax (Sørensen et al., 2016); however, when it does, pre-exposure to 

short and long-term high temperatures (heat shock and acclimation, respectively) will 

increase the expression of certain genes, including heat shock proteins, which act to 

chaperone damaged macromolecules to lysosomes for degradation (Chiang et al., 1989) 

or to protect macromolecules and thereby increase CTmax in Drosophila (Colinet et al., 

2013; Williams et al., 2016). Further, species adapted to high-temperatures may produce 

protein orthologs that retain their native conformation at high temperatures, increasing 

the high-temperature tolerance (Somero et al., 2017). High-temperature acclimation 

improved survival at 45 °C in the mite Neoseiulus barkeri (Zhang et al., 2018). However, 

the sub-Antarctic spider Myro kerguelenensis had a small but significantly higher CTmax 

when acclimated at 15 °C, than those acclimated at 0 °C (Jumbam et al., 2008). 

Thermal tolerance is often not fixed within a species, a population, or even an individual. 

With the plasticity in thermal tolerance, it is important to determine the full potential of 

acclimation or acclimatisation in ectotherms to temperature, before concluding their 

thermal niches and their response to future climate change (Somero, 2010). 
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1.3 Arachnids at Low Temperatures 

1.3.1 Winter Ecology 

Temperate, high-latitude, and high-altitude ectotherms can spend many months at 

temperatures below zero. At low temperatures, ectotherms are at a risk of freezing, have 

low metabolic activity, and reduced locomotion. Arachnids show evidence of 

overwintering at all life stages (Table 1.3); some may remain active through the winter, 

often in the subnivean habitat (Aitchison, 1978), while others enter diapause or 

quiescence (e.g. the spider Parasteatoda tepidariorum overwinters in diapause; Tanaka, 

1991). High-latitude arachnids, such as Alaskozetes antarcticus from 60°S and Pardosa 

glacialis from 81°N may overwinter at any life stage (except as eggs for both and adults 

for P. glacialis) and for more than five times before reaching sexual maturity (Convey, 

1994; Leech, 1966). However, lower latitude populations (c. 49.5° to 54.0°N) of Pardosa 

(such as P. moesta, P. groenlandica, P. hyperborea, and P. fuscula) overwinter only once 

or twice, and only as juveniles and sub-adults (Buddle, 2000; Pickavance, 2001), 

therefore overwintering strategies in some high latitude arachnids may not be fixed 

within the species.  
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Table 1.3 Examples of the life-stages which overwinter, categorised by arachnid 

order and the ecosystem in which they are found. 
Order and Species Overwintering life 

stage 
Ecosystem Reference 

    
Opiliones    
     Trachyrhinus marmoratus Eggs  Desert Cokendolpher et al. 1993 
     Leiobunum paessleri Adults  Alpine Holmberg et al. 1984 
     Leiobunum japanense Nymphs  Temperate Tsurusaki 2003 
Araneae    
     Floronia bucculenta Eggs  Temperate Schaefer 1976 
     Argiope aurantia Spiderlings 

(nymphs) 
Temperate Riddle and Markezich 1981 

     Centromerus sylvaticus Adults Temperate Aitchison 1978 
Pseudoscorpiones    
     Chthonius ischnocheles Adults and nymphs Temperate Wood and Gabbutt 1978 
Actinotrichida    
     Bryobia cristata Eggs Temperate Hallas and Gudleifsson 2004 
     Phytoptus avellanae Nymphs Mediterranean Ozman 2000 
     Alaskozetes antarcticus Adults and nymphs Polar Convey 1994 

In winter, some arachnids remain active while others enter a state of dormancy, such as 

diapause or quiescence (e.g. Cloudsley-Thompson, 1978; Convey, 1994; Tanaka, 1991). 

The arachnids that live in the subnivean environment (e.g. pseudoscorpions and spiders in 

Manitoba, Canada; Aitchison, 1978) experience temperatures buffered by the snow 

(Convey et al., 2018). Some winter-active spiders feed through the winter (Aitchison, 

1987a; Korenko et al., 2010) although at a lower rate (Aitchison, 1984; Gunnarsson, 

1983); others may live off of reserve lipids (Aitchison, 1984). Food in the gut can 

nucleate ice (Salt, 1968), therefore mechanisms such as the production of cryoprotectant 

molecules may have evolved which reduce the risk of freezing in feeding species. 

Winter-inactive arachnids, including some mites, pseudoscorpions, harvestmen, and 

spiders, are often found in buffered microhabitats, such as tree bark (e.g. the spider 

Phiddipus audax; Bower and Snetsinger, 1985), caves (e.g. harvestmen Leiobunum 

paessleri; Holmberg et al., 1984), and soil; they also likely rely on physiological 

adjustments to survive the winter. 
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1.3.2 Arachnids at Low-Temperatures 

Among the arachnids, cold tolerance strategy has not often been identified. Mostly it has 

been noted only whether or not they survived measurements of SCP (i.e. freezing), 

without differentiating between those that die from freezing from those that do not 

survive low temperatures above freezing (e.g. Lee and Baust, 1987; Riddle and Pugach, 

1976). There are two scorpion species that survive freezing: Centroides vittatus from the 

Texas desert (Whitmore et al., 1985) and Diplocentrus spitzeri from the SW New Mexico 

desert (Crawford and Riddle, 1975). A low-latitude alpine tarantula (Euathlus condorito) 

and lab-reared Amblyseius californicus predatory mites do not survive freezing (Cubillos 

et al., 2018; Hart et al., 2002); however, it was not determined if they died from freezing 

(i.e. were freeze-avoidant), or at temperatures above freezing (i.e. were chill-susceptible). 

Freeze-avoidance and chill susceptibility has been distinguished in the lab-bred mite 

Typhlodromus montdorensis (Hatherly et al., 2004) (Figure 1.3). There have been few 

studies testing specifically the seasonal changes in cold tolerance strategy in arachnids: 

the scorpion Paruroctonus aquilonalis, which does not survive freezing at any time of 

year in New Mexico, USA (Riddle and Pugach, 1976); and the mite Alaskozetes 

antarcticus which also remains freeze-avoidant through the year (Young and Block, 

1980). 

Supercooling point is the commonest measurement of low-temperature tolerance in 

arachnids because it is easy to measure and is an indication of physiological changes in 

response to changing seasons. The majority of these measurements of SCP are from mid 

to high latitude species (50 to 70°N and S), where the risk of freezing is higher. The SCPs 

of arachnids range from -35.3 °C in the Norwegian mite Phauloppia spp. (collected in 

winter; Sjursen and Sømme, 2000) to -2.2 °C in the freeze-tolerant desert scorpion 

Centruroides vittatus (Whitmore et al., 1985). Although a decreased low-temperature 

tolerance, such as a low SCP, would be advantageous to species from higher latitudes or 

altitudes, there is a great variation in SCP among species within a small latitudinal range 

(Figure 1.3). For example, the spiders Pachygnatha clerki and Larinioides (Araneus) 

cornutus from Germany both overwinter in hollow plant stems, however their SCPs 

differ by 17 °C (-5.8 and -22.8 °C, respectively) (Kirchner, 1973). Further, individuals of 
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the high-latitude mite Gamasellus racovitzai from Galindez Island, Antarctica (65.3°S) 

have a mean SCP of -6.6 °C, higher than other Antarctic microarthropods (e.g. Block, 

1982) (Figure 1.3). Therefore, variation in SCP is not simply a result of the organism’s 

environment; and is likely a combination of the species genotype, environment, and 

adaptive potential (Sinclair et al., 2012). 

 

Figure 1.3 Supercooling points and the cold tolerance strategies of arachnids from 

various latitudes. Open circles are where no cold tolerance strategy was determined; 

closed squares indicate species that are freeze avoidant; downward-pointed triangles 

indicate those that were determined to be freeze-tolerant; diamonds indicate those who 

did not survive freezing, however the distinction between chill-susceptible and freeze-

avoidant was not made. References are in Table 1.4. 
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Table 1.4 References for the supercooling points of arachnids, by latitude (Figure 

1.3). 
Order Species Mean 

SCP (°C) 
Latitude Reference 

Araneae Bolyphantes index (adult) -15.2 63.4° Husby and Zachariassen 
(1980)  

Acari Phauloppia spp. (winter) -35.3 60.6° Sjursen and Sømme (2000) 
Araneae Theridion tepidariorum (winter) -8.2 50° Kirchner (1973) 
Araneae Theridion notatum (winter) -26.1 50° Kirchner (1973) 
Araneae Theridion deuticulatum (winter) -11.4 50° Kirchner (1973) 
Araneae Tentana triangulosa (winter) -10.9 50° Kirchner (1973) 
Araneae Tentana castanea (winter) -9.5 50° Kirchner (1973) 
Araneae Tegenaria sp. (winter) -8 50° Kirchner (1973) 
Araneae Singa nitidula (winter) -21.4 50° Kirchner (1973) 
Araneae Philodromus sp. (winter) -21.5 50° Kirchner (1973) 
Araneae Pardosa lugubris (winter) -6.8 50° Kirchner (1973) 
Araneae Pachygnatha clercki (winter) -5.8 50° Kirchner (1973) 
Araneae Nesticus cellulanus (winter) -4.7 50° Kirchner (1973) 
Araneae Meta menardi (winter) -4 50° Kirchner (1973) 
Araneae Histopona torpida (winter) -6.5 50° Kirchner (1973) 
Araneae Eresus niger (winter) -16.6 50° Kirchner (1973) 
Araneae Coelotes terestris (winter) -6.2 50° Kirchner (1973) 
Araneae Clubiona phragmitis (winter) -16.1 50° Kirchner (1973) 
Araneae Cicurina cicurea (winter) -6.7 50° Kirchner (1973) 
Araneae Araneus cornutus (winter) -23 50° Kirchner (1973) 
Araneae Amaurobius fenestralis (winter) -6.6 50° Kirchner (1973) 
Araneae Parasteatoda tepidariorium -8.3 26.2° Tanaka (1996) 
Araneae Pardosa groenlandica -10.54 44.6° Murphy et al. (2008) 
Acari Ixodes scapularis -16.9 44.6° Curry et al. (2017) 
Acari Dermacentor variabilis  -13.8 44.6° El Nabbout et al. (2017) 
Araneae Parasteatoda tepidariorium -20.6 43.1° Tanaka (1996) 
Araneae Philodromus sp. (winter, 

immature) 
-26.2 41.7° Duman (1979) 

Araneae Clubiona sp. (winter, immature) -15.4 40.3° Duman (1979) 
Araneae Parasteatoda tepidariorium -17.1 39.7° Tanaka (1996) 
Araneae Parasteatoda tepidariorium -15.6 35.7° Tanaka (1996) 
Scorpionida Paruroctonus aquilonalis 

(winter) 
-11.9 35.1° Riddle and Pugach (1976) 

Araneae Parasteatoda tepidariorium -11.9 33.6° Tanaka (1996) 
Scorp Centruroides vittatus -2.2 32.8° Whitmore et al. (1985) 
Araneae Parasteatoda tepidariorium -10.0 31.6° Tanaka (1996) 
Araneae Euathlus condorito -3.0 -33.4° Cubillos et al. (2018) 
Acari Gamasellus racovitzai (summer) -6.1 -60.7° Block and Sømme (1982) 
Acari Nanorchestes antarctica -22 -60.7° Block and Sømme (1982) 
Acari Stereotydeus villosus (summer) -8.3 -60.7° Block and Sømme (1982) 
Acari Halozetes littoralis -16.6 -60.7° Pugh (1994) 
Acari Alaskozetes antarcticus (adult, 

summer, starved) 
 
-24.5 

 
-60.7° 

 
Block and Sømme (1982) 

Acari Ixodes uriae (adult, summer) -12.7 -64.8° Lee and Baust (1987) 
Acari Oppia loxolineata -9.6 -65.3° Block (1982) 
Acari Gamasellus racovitzai -6.6 -65.3° Block (1982) 
Acari Eupodes minutus -8.2 -65.3° Block (1982) 
Acari Rhagidia gerlachei -7.2 -65.3° Block (1982) 
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Lower lethal temperature (LLT) is the thermal limit for chill-susceptible and freeze-

tolerant organisms; whereas SCP approximates LLT in freeze-avoidant organisms. The 

commonest measurement among arachnid studies is LLT50, the lowest temperature at 

which 50 % of the arachnids survive. The LLT50 of chill-susceptible desert whipscorpion 

(Uropygi) Mastigoproctus giganteus was from +3.3 to +4.9 °C, depending upon life stage 

(Punzo and Olsen, 2005). The LLT50 of 12 species of spiders collected from the same 

region in Sweden ranged from -6.7 °C in Agroeca proxima (in winter) to -20.9 °C in 

Clubiona similis (winter; Almquist, 1970), using the same cooling and rewarming rates 

and low-temperature holding time. The results of these two studies provide further 

evidence that latitude is not the only factor affecting the evolution of cold-tolerance.  

The CTmin of mites, pseudoscorpions, and spiders ranges from -9.3 °C in the winter-active 

and feeding spider Bolyphantes index (Oslo, Norway; Hågvar, 1973) to +10.3 °C in the 

lab-reared mite Tetranychus urticae (overwintering strategy unknown, some naturalized 

populations undergo diapause; Coombs and Bale, 2014) (Figure 1.4). The majority of the 

CTmin measurements in arachnids are in high latitude mites (e.g. Block and Sømme, 

1982), high altitude spiders (e.g. Alfaro et al., 2013) and lab-reared strains of mites 

(Allen, 2009; Coombs and Bale, 2014) (Figure 1.4). These measurements are only a 

small representation of all arachnid species, and I have only found measurements of 

CTmin for spiders, mites, and one uropygid species. There is much room for further 

examination of the thermal tolerance in arachnids. 
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Figure 1.4 Critical thermal limits of arachnids by latitude. Critical thermal minima 

(CTmin) of adult arachnids are designated filled circles, critical thermal maxima (CTmax) of 

adults (open circles) and juvenile life-stage (solid squares). References are in Table 1.5. 



 

 

19 

Table 1.5 References for and values of the critical thermal minima and critical 

thermal maxima of arachnids by latitude (Figure 1.4). 

Order and Species CTmin, 
adult 
(°C) 

CTmax, 
juvenile 
(°C) 

CTmax, 
adult 
(°C) 

Latitude 
(°) 

Reference 

Araneae      
   Bolyphantes index -9.3   59.9 Hågvar (1973) 
   Zora spinimana   41.8 55.4 Almquist (1970) 
   Zelotes serotinus  46.4  55.4 Almquist (1970) 
   Tibellus oblongus  42.8  55.4 Almquist (1970) 
   Stemonyphantes  
     lineatus  

 40.5  55.4 Almquist (1970) 

   Scotina gracilipes  41.4  55.4 Almquist (1970) 
   Phrurolithus festivus  45.6  55.4 Almquist (1970) 
   Philodromus  
     aureolus 

 42.1  55.4 Almquist (1970) 

   Pardosa nigriceps  39.7  55.4 Almquist (1970) 
   Oedothorax apicatus   40.4 55.4 Almquist (1970) 
   Euophrys frontalis  45.7  55.4 Almquist (1970) 
   Dipoena inornata  43.2  55.4 Almquist (1970) 
   Crustulina guttata    41.8 55.4 Almquist (1970) 
   Clubiona trivialis   42.1 55.4 Almquist (1970) 
   Clubiona similis   42.0 55.4 Almquist (1970) 
   Clubiona diversa   41.4 55.4 Almquist (1970) 
   Agroeca proxima  37.4  55.4 Almquist (1970) 
   Lycosa pullata   43.0 55.4 Almquist (1970) 
   Pisaurina mira   39.6 45.0 Barton (2011) 
   Pardosa  
     groenlandica 

-2.3   44.6 Murphy et al. (2008) 

   Misumenops     
     asperatus 

-1.4  45.1 40.5 Schmalhofer (1999) 

   Misumenoides  
     formosipes 

2.2  48.2 40.5 Schmalhofer (1999) 

   Pisaurina mira   43.3 40.0 Barton (2011) 
   Peucetia viridans   47.2 35.8 Hanna and Cobb (2007) 
   Neriene longipedella   44.2 35.7 Kato et al. (2008) 
   Neriene brongersmai   41.0 35.7 Kato et al. (2008) 
   Leucauge subblanda   42.4 35.7 Kato et al. (2008) 
   Laucauge blanda   44.0 35.7 Kato et al. (2008) 
   Argyrodes kumadai   44.4 35.7 Kato et al. (2008) 
   Argyrodes bonadea   46.9 35.7 Kato et al. (2008) 
   Argiope minuta   47.8 35.7 Kato et al. (2008) 
   Argiope bruennichii   51.7 35.7 Kato et al. (2008) 
   Rabidosa rabida   42.9 34.7 Stork (2012) 
   Nephila clavipes   41.65 30 Krakauer (1972) 
   Seothyra sp.   49.0 -25.6 Lubin and Henschel (1990) 
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Table 1.5 (continued).      
Order and Species CTmin, 

adult 
(°C) 

CTmax, 
juvenile 
(°C) 

CTmax, 
adult 
(°C) 

Latitude 
(°) 

Reference 

Araneae 
   Morebilus plagusius   
     (summer) 

  49.6 -33.0 van den Berg et al. (2015) 

Acari      
   Stereotydeus villosus -7.6   -60.7 Block and Sømme (1982) 
   Nanorchestes  
     antarctica 

-8.9   -60.7 Block and Sømme (1982) 

   Gamasellus  
     racovitzai 

-7.6   -60.7 Block and Sømme (1982) 

   Alaskozetes  
     antarcticus 

-4.6   -60.7 Block and Sømme (1982) 

1.3.3 Mechanisms that may Mitigate the Effects of Low 

Temperatures in Arachnids 

Some arachnids produce putative cryoprotectants in winter, increasing hemolymph 

osmolality, and potentially improving cold tolerance. Spiders (e.g. Ceraticelus laetus; 

Aitchison and Hegdekar, 1982) and mites (e.g. Alaskozetes antarcticus; Young and 

Block, 1980) produce free sugars and polyols in winter, and a SCP decrease in the mite 

Alaskozetes antarcticus is correlated with an increase in the cryoprotectant glycerol (Lee 

and Baust, 1981) (Table 1.2). Further, free amino acids are found in higher 

concentrations during diapause in the orb-weaving spider Araneus cavaticus (Tillinghast 

and Townley, 2008) (Table 1.2). Seasonal increases in glycerol in the wolf spider 

Pardosa astrigera increases in lower lethal time at 0 °C, without modifying the SCP 

(Tanaka and Ito, 2015). In the freeze-tolerant scorpion Centruroides vittatus, the 

concentration of the putative SCP suppressant trehalose increased from zero in summer to 

c. 18 µg/mg wet weight in winter – in result, a negligible increase of 0.07 mmol/L –with 

no corresponding change in SCP (Whitmore et al., 1985). In general, the increase in 

cryoprotectants in arachnids increases hemolymph osmolality, concentrating the 

hemolymph, and increasing its viscosity, which Aitchison (1987a) speculated could 

interfere with locomotion. Thermal hysteresis activity has been identified in some 

arachnids (Table 1.2), which may be a means of suppressing SCP without impacting 
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viscosity. In insects, thermal hysteresis molecules, such as proteins (THPs) are likely to 

stabilize ice crystals, to prevent ice growth and allow the hemolymph to supercool 

without freezing (Husby and Zachariassen, 1980).  

Critical thermal minima respond to acclimation in the Chilean spider Scytodes globula 

(Alfaro et al., 2013); and in sub-Antarctic spiders Myro kerguelenensis and Prinerigone 

vagans (Jumbam et al., 2008) and mites Halozetes marinus, Halozetes fulvus, Podacarus 

auberti, and Halozetes belgicae (Deere et al., 2006). However, there have been no 

investigations into the mechanisms that result in changes to CTmin in arachnids. 

The mechanisms surrounding changes to thermal tolerances and cold tolerance strategy 

are being investigated in insects. Arachnids differ anatomically and physiologically from 

insects, and the avenues of research into thermal plasticity in arachnids have only 

followed those discovered in insects, such as identifying the same cryoprotectants already 

identified in insects. 

1.4 Arachnids at High Temperatures 

1.4.1 Summer Ecology 

Arachnids from all latitudes could experience surface temperatures that are higher than 

air temperatures due to the emission of trapped solar radiation from the surface. At mid-

latitudes, surface temperatures can exceed 60 °C (Wu and Wright, 2015), and many low 

latitude species have evolved anatomical, physiological, and behavioural adaptations to 

cope with or avoid extreme high temperatures. Ectotherms at higher latitudes have a short 

summer for growing, feeding, and reproducing. Although the ground temperatures are not 

as high as those at low latitudes, they can reach 34.5 °C in the high-Arctic shrub tundra 

(Convey et al., 2018). 

High-temperature tolerance is investigated mostly in desert arachnids. In the desert 

ecosystem, summer is a time of food scarcity and extreme high temperatures. Some 

arachnids enter a state of summer dormancy called estivation where activity and feeding 

are reduced, and time between moults extends (Punzo, 2000). Estivation has evolved in 
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scorpions (Stockmann, 2015), spiders (Kotzman, 1990), ticks (Belozerov, 2008, 2009), 

and possibly opiliones (Belozerov, 2012); and in egg (Schaefer, 1976), juvenile, and adult 

life-stages (e.g. desert scorpions; Cloudsley-Thompson, 1991). In August and September, 

the Chihuahuan desert tarantula Aphonopelma hentzi retreat into their burrows (Punzo 

and Henderson, 1999). Summer estivation has also evolved in non-desert species, such as 

the mite Metarhombognathus armatrus from Germany (Belozerov, 2009) and the winter 

tick Dermacentor albipictus from New Hampshire, USA (43.2°N), likely to conserve 

water while off its moose host in the latter (Yoder et al., 2016). Therefore, estivation is 

potentially a means to avoid temporary unfavourable abiotic situations. 

1.4.2 High-Temperature Physiology and Mechanisms to Mitigate 

the Effect of High Temperatures in Arachnids 

Critical thermal maxima (CTmax) in arachnids differs significantly among species, and 

within species by population, age, thermal history, and potentially by season. The CTmax 

of field-fresh arachnids range from 37.4 °C in the spider Agroeca proxima from Sweden, 

55.4°N (Almquist, 1970) to 58.2 °C in the spider Argiope trifasciata from 35.7°N 

(Tolbert, 1979), and possibly higher: CTmax in the mite Paratoarsotomus macropalpis 

from Southern California shows “heat coma” at temperatures of 58 °C and above (Wu 

and Wright, 2015) (Figure 1.4). Among arachnids, CTmax can also vary among species 

from similar latitudes, within species (by age, sex), or as a result of temperature 

acclimation or seasonally. For example, the spiders Pardosa nigriceps and Euophrys 

frontalis from Sweden (55.4°N) differ in CTmax by 6 °C (39.7 and 45.7 °C, respectively; 

Almquist, 1970). CTmax does not differ greatly between seasons in the arachnids 

investigated: for example, the CTmax of the spider Morebilus plagusius from Australia is 

c. 1 °C higher in summer than spring (van den Berg et al., 2015). CTmax is often related to 

the thermal maximum of the environment of which the species or population is found.  

At high temperatures, metabolism and water loss due to respiration increases. Low-

latitude and desert arachnids cope with high temperatures and desiccation with a thick, 

waxy epicuticle; guanine crystals in the exoskeleton; and controlled spiracle opening 

(Cloudsley-Thompson, 1991; Gefen, 2005; Hadley, 1974). However, arachnids living at 
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higher latitudes also experience high temperatures (Convey et al., 2018), and these 

desert-species adaptations, such as nocturnality and summer aestivation, are maladaptive 

in regions with short growing seasons and nights, by missing the only opportunity to 

grow, feed, and reproduce. Therefore, summer arachnids from high latitudes will likely 

have high-temperature tolerances that allow them to remain active as much as possible.  

1.5 Thesis Overview 

The thermal biology of high latitude ectotherms is important natural history information 

that may be useful for assessing the effect of climate change on the physiology, ecology, 

and distribution of these species. Arachnids are globally distributed, however they have 

been omitted from global macrophysiological studies (e.g. Sunday et al., 2011). In my 

thesis, I provide important thermal biology of the often forgotten high-latitude arachnids. 

To address the gaps in high-latitude and arachnid thermal biology, I have selected three 

representative arachnid groups (pseudoscorpions, wolf spiders, and red velvet mites) to 

study the thermal tolerances and immersion tolerance, plasticity, and seasonality in 

arachnids. 

 
Objective 1: Describe the thermal and immersion tolerances of a high-latitude 

pseudoscorpion (Chapter 2), and the thermal tolerances of high-latitude spiders 

from different elevations and at different life-stages (Chapter 3) 

For my first objective (Chapter 2: “Thermal biology and immersion tolerance of the 

Beringian pseudoscorpion Wyochernes asiaticus”), I collected the pseudoscorpion 

Wyochernes asiaticus stream-side in the Yukon Territory, and measured its thermal and 

immersion tolerance at our laboratory at the University of Western Ontario. I found that 

the pseudoscorpions have both low- and high-temperature tolerances that would allow 

survival in summer conditions in their microenvironment under rocks. Further, they 

survive as long under low-oxygen water as they did in air (at 4 °C), with a 50 % mortality 

after 17 days; long enough to survive their yearly spring habitat flooding. The high-

latitude spiders (Chapter 3: “Thermal limits of summer-collected wolf spiders from the 

Yukon Territory, Canada and Greenland”) were similarly tolerant to summer ground 
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