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a b s t r a c t 

The body temperature of ectothermic animals is heavily dependent on environmental temperature, impacting fit- 

ness. Laboratory exposure to favorable and unfavorable temperatures is used to understand these effects, as well 

as the physiological, biochemical, and molecular underpinnings of variation in thermal performance. Although 

small ectotherms, like insects, can often be easily reared in large numbers, it can be challenging and expensive 

to simultaneously create and manipulate several thermal environments in a laboratory setting. Here, we describe 

the creation and use of a thermal gradient device that can produce a wide range of constant or varying temper- 

atures concurrently. Conservatively, this system as designed can operate between -6 °C and 40 °C. This device 

is composed of a solid aluminum plate and copper piping, combined with a pair of refrigerated circulators. As 

a simple proof-of-concept, we completed single experimental runs to produce a low-temperature survival curve 

for flies ( Drosophila melanogaster ) and explore the effects of daily thermal cycles of varying amplitude on growth 

rates of crickets ( Gryllodes sigillatus ). This approach avoids the use of multiple heating/cooling water or glycol 

baths or incubators for large-scale assessments of organismal thermal performance. It makes static or dynamic 

thermal experiments (e.g., creating a thermal performance or survival curves, quantifying responses to fluctuat- 

ing thermal environments, or monitoring animal behavior across a range of temperatures) easier, faster, and less 

costly. 
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The thermal environment can directly impact organismal survival

nd fitness, and small ectotherms can respond to changing thermal en-

ironments by altering behavior or physiology within the lifetime of an

ndividual or over evolutionary time ( Schiffer et al., 2013 ; Kern et al.,

015 ). Our understanding of how animals respond to their thermal en-

ironment has come largely from studies focused on small ectothermic

nimals with short generations times that can be reared rapidly and

nexpensively in the laboratory. As insects are easily manipulated and

aintained in the lab, model insect species are widely used for stud-

es of the genetics, molecular biology, environmental physiology, be-

avior, and evolution of thermal performance traits (e.g. Hollis, 2017 ;

acMillan et al., 2015 ; Frazier et al., 2006 ; Tüzün et al., 2017 ;

antos et al., 2014 ). Laboratory studies of Drosophila thermal tolerance,

or example, have recently allowed for investigation of the molecular

r physiological processes that limit their biogeography, and how limits

o thermal performance may evolve following changes in abiotic con-

itions ( MacMillan et al., 2015 ; MacLean et al., 2019 ; Overgaard et al.,

014 ; Pool et al., 2017 ). 

A common measure of thermal tolerance is survival following high

r low-temperature exposure. Survival experiments are typically as-
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essed using one of two different experimental designs. The first is pro-

onged exposure to a single lethal temperature ( Lennon et al., 2001 ;

oardman et al., 2011 ). This approach is limited to the selected expo-

ure temperature, which may or may not be the ideal temperature to

easure the thermal tolerance of the chosen species, or discriminate

ariation in thermal tolerance among treatment groups. An alternative

pproach is to use a range of exposure temperatures ( Colinet et al.,

017 ; Kobey K.L. Montooth, 2013 ; Andersen et al., 2015 ; Sinclair et al.,

015 ). This approach is used to generate thermal tolerance or perfor-

ance curves by examining, for example, the effects of temperature on

urvival ( Christiansen-Jucht et al., 2014 ), growth rates ( Chopelet et al.,

008 ), reproductive capacity ( MacLean et al., 2019 ), motor performance

 Lachenicht et al., 2010 ) or behavior ( Jiang et al., 2018 ). In these ex-

eriments, different individuals are exposed to different static temper-

tures to examine underlying temperature effects on life history and

o understand better how prior thermal experiences might influence

hese relationships ( Lachenicht et al., 2010 ; McGaw and Whiteley, 2012 ;

rill et al., 1996 ). 

In nature, animals do not experience a drastic increase or decrease

n temperature but rather experience gradual temperature increases

r decreases as well as non-linear and stochastic temperature profiles

 Kern et al., 2015 ; Colinet et al., 2015 ). These predictable or unpre-
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ictable changes in temperature affect insects differently than would

 sudden increase or decrease in temperature applied in a typical lab

etting ( Colinet et al., 2015 ). Experiments involving ramping tempera-

ures are now common ( Rolandi et al., 2018 ; Terblanche et al., 2007 ;

itchell A.A. Hoffmann, 2010 ), and there is concern over the effects of

he rate of temperature change on the experimental outcome. In light of

his concern, some authors have directly measured the effects of differ-

nt ramping rates on thermal performance traits ( Nguyen et al., 2014 ;

vergaard et al., 2012 ; Jørgensen et al., 2019 ), choosing a handful of

amping rates to test. Ramping temperatures are just one example that

emonstrates a growing appreciation for thermal performance and evo-

ution studies that embrace complexity of natural thermal environments

s well as the complexity of physiological responses to those environ-

ents ( Kellermann et al., 2015 ). Experimental design, however, can

trongly influence research outcomes, and several factors limit our abil-

ty to test a wide range of conditions at once. 

When performing an experiment that requires multiple constant tem-

eratures or programmed temperature changes over time, it can be chal-

enging to maximize the number of different treatments available and

eep unintended sources of variation among treatments to a minimum.

ariation in the resulting data from such experiments can come from

ither using multiple heating/cooling devices all running at different

emperatures or having to use individual specimens from multiple suc-

essive generations or of varying age because of limited capacity or ver-

atility of the equipment or time. While accounting for these variables

tatistically is sometimes an option, controlling for them is preferred.

n addition to potentially impacting data quality, equipment limitations

an significantly increase the resources and time required to perform a

hermal experiment, thereby restricting both data quality and quantity.

Here, we describe the manufacturing and testing of a thermal gradi-

nt plate and associated thermal bath setup that can streamline thermal

xperiments. We believe that our design allows for the rapid and ac-

urate quantification of a variety of organismal thermal tolerance or

erformance metrics. By connecting two heated and/or refrigerated cir-

ulating baths to either end of a custom aluminum plate, stable and

redictable thermal gradients can be formed (documented here and pre-

iously with various designs (e.g. Sayeed and Benzer, 1996 ). If one or

oth of those circulating baths can also be programmed, however, a

ingle setup can become a powerful tool for examining the impacts of

oth static and dynamic thermal conditions on organismal performance

nd fitness ( Woods and Bonnecaze, 2006 ). We describe the utility of this

ystem from our perspective as insect thermal biologists but small organ-

sms or samples such as other terrestrial or aquatic invertebrates, plants,

nicellular eukaryotes, bacteria, cell cultures, or even enzymes could be

tudied with this approach. Labor-intensive experiments can be easily

nd rapidly accomplished using the described system in a single run.

s a proof-of-concept, we generated low-temperature survival curves

f male and female D. melanogaster (typically produced using multiple

ooling baths) and examined how the amplitude of diurnal temperature

ycles influenced the growth rates of tropical house crickets ( Gryllodes

igillatus ). 

aterials and methods 

uilding the plate 

The thermal plate was created using parts ( Table 1 ) that were assem-

led in the laboratory. These pieces are readily available from a hard-

are store and/or publicly accessible metal supplier or machine shop.

he gradient device was built using a 91.4 cm (36 ″ ) × 45.7 cm (18 ″ ) ×
.5 cm (1 ″ ) solid aluminum plate (grade 6061 aluminum; Fig. 1 A). We

illed square channels on each side and at both ends of the plate (12

hannels in total; Fig. 1 B). Given the size of the plate, this milling was

he most technical part of the build and we recommend those without

ccess to metal working machines, tooling, and associated familiarity

ith metal working procedures, contract the services of a local machine
hop for this step. Each channel had dimensions of 0.95 cm (3/8 ″ ) ×
.95 cm (3/8 ″ ) and sets of 3 channels were milled 0.95 cm (3/8 ″ ) apart.

opper tubing (0.95 cm thick (3/8 ″ OD) × 49 cm (c. 19.25 ″ ) long) was

ently hammered into the channels, being careful not to damage the

ubing in any way that would block fluid flow or cause a leak. Hammer-

ng was done until the copper tubing was flat with the surface of the

late ( Fig. 1 A; Figure S1). We left 1.65 cm (c. 0.5 ″ ) of tubing overhang

n each side of the plate for plumbing connections ( Fig. 1 C). 

After several attempts, we could not bend our copper tubing into

 ‘U’ shaped configuration without damaging it and therefore opted to

onstruct simple manifolds to complete the plumbing circuit ( Fig. 1 D).

t may be possible to purchase manufactured copper ‘U’ fittings from

 source for plumbing supplies; in which case, the channels should be

paced appropriately for these purchased items. Also, these manifolds,

r a suitable substitute, could also be manufactured by a local machine

hop. We constructed our manifolds from custom cut aluminum blocks

easuring 3.8 cm (1.5 ″ ) × 1.3 cm (1.5 ″ ) × 1.3 cm (1/2 ″ ). Two 0.95 cm

3/8 ″ ) holes were drilled adjacent to each other in the long face of the

lock ( Fig. 1 D). The spacing of the holes aligned with the spacing of the

djacent channels in the aluminum block. Another hole was drilled in

ne end face deep enough into the block so as to create a cavity connect-

ng the first two holes ( Fig. 1 D). This hole was drilled with a 5/16 ″ drill

it to allow the hole to be tapped to accommodate a 3/8 ″ − 16 threaded

rass plug. Two shorter lengths (c. 2 cm) of 0.95 cm (3/8 ″ OD) copper

ubing were press-fit into the adjacent holes and a 3/8 ″ − 16 brass plug

as installed in the threaded end-face hole using sealant to prevent leak-

ng when fluid was under pressure. The manifolds were then connected

o the ends of the copper tubing in the aluminum plate with 2.5 cm (c.

 ″ ) lengths of 0.95 cm (3/8 ″ ID) clear vinyl tubing ( Fig. 1 C). We ad-

itionally secured the vinyl tubing connections by repeatedly twisting

teel wire around the vinyl tubing that was over the copper tubbing

Figure S2). Hose clamps could also be used to secure the tubing con-

ections. A benefit of using the manifolds attached to the main plate

ia short lengths of tubing was to compensate for slight variations in

pacing of the channels and tubing, and to avoid the possibility of the

eals breaking with thermal expansion of the plate. 

The remaining two ends of the copper tubing were attached by long

ieces of clear vinyl tubing to their respective cooling baths (Figure S2).

y connecting the manifolds to the plate in a specific arrangement (cho-

en to ensure flow was directed across both surfaces of the plate and that

uid went in and out of the plate on the same side), fluid was directed

hrough all six lengths of tubing at either end of the plate ( Fig. 1 F). Ex-

ruded polystyrene foam board (rigid foam-board insulation) was then

ut to fit all sides of the plate to leave an approximately 7.5 cm (3 ″ )

irspace between the top of the aluminum plate and the bottom of the

id. The air gap allowed space for the placement of samples or metal tins

ontaining samples (described below). 

ystem testing 

The system was tested to ensure that a stable and reproducible tem-

erature gradient could be formed on the surface of the aluminum plate.

he baths used in all experiments were a VWR 21 L refrigerated circu-

ator (with advanced programmable controller) and a Fisher Scientific

sotemp 7 L programable bath. Both baths have external pumping ca-

abilities built-in, and at least one bath must be programmable (able

o change temperature over time) to accomplish the dynamic thermal

egimes described here. The baths were filled with either distilled water

r automotive windshield wiper fluid for cooling and heating purposes.

irst, eight type-K thermocouples were equally spaced along the length

f the plate at the mid-line of the plate width and affixed to the plate

y masking tape ( Fig. 2 A). The positioning of each probe was pseudo-

andomized during each replicate to minimize bias from using the same

robe in the same location. All thermal data collected for these tests

ame direct from the plate surface. Three different thermal gradients

ere independently tested to examine the functional range of the de-
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Fig. 1. Design and dimensions of the thermal gradient plate. A) Assembled plate and copper tubing with example manifold shown in place (circled region). B) Side 

view of milled square channels in aluminum plate. C) Manifold connection to exposed copper pipe ends using clear vinyl tubing. D) Manifold design from aluminum 

block, copper pipe, brass plug, and tubing. E) Close-up of example manifold. F) Direction of fluid flow through the system once all manifolds are connected (manifolds 

not shown for clarity). 
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Table 1 

List of material to assemble the plate with the dimensions of each item as well as the number required. In addition to the other materials, two refrigerated circulating 

baths were used. These can be programmable or non-programmable depending on the experimental design. All programs shown herein were conducted with one 

programmable and one non-programmable bath (capable of static temperatures only). 

Material Source Dimensions Quantity 

Aluminum plate (solid) Metal Supermarket (local source of 

stock metal) 

91.4 cm × 45.7 cm × 2.5 cm (36 ″ × 18 ″ ×
1 ″ ) 

1 

Copper tubing – Utility grade Hardware store 0.95 cm (3/8 ″ ) outer diameter and 0.6 mm 

(0.03 ″ ) wall thickness 49 cm (19.25 ″ ) 

lengths 

12 pcs 

Copper tubing – Utility grade Hardware store 0.95 cm (3/8 ″ ) outer diameter and 0.6 mm 

(0.03 ″ ) wall thickness 2 cm lengths 

20 pcs 

Clear vinyl tubing Hardware store Scientific supply store 0.95 cm (3/8 ″ ) inner diameter 2.54 cm (1 ″ ) 

length 

20 pcs 

Aluminum blocks (for manifolds) Metal Supermarket (local source of 

stock metal) 

3.8 cm × 1.3 cm × 1.3 cm (1.5 ″ × 0.5 ″ ×
0.5 ″ ) 

10 pcs 

Styrofoam (Rigid foam board 

insulation) 

Hardware Store 91.4 cm × 11.4 cm 45.7 cm × 11.4 cm 

111.8 cm × 55.9 cm 91.4 cm × 45.7 cm 

(all pcs 1.3 cm (0.5 ″ ) thick) 

7 pcs 4 pcs 2 pcs 2 pcs 

Brass plug Hardware Store 0.95 cm (3/8 ″ − 16 thread) (standard 

plumbing item) 

10 

Marine grade silicone sealant Hardware Store small tube 1 
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ice. Three gradients were programmed from ranges of: 0 °C to + 10 °C,

 °C to + 25 °C, and 0 °C to + 40 °C ( Fig. 2 B,C) . Each of the programmed

radients were each tested three times, for 2 h (each replicate). We also

easured temperatures across the width of the plate at the same loca-

ions across the length of the plate ( Fig. 2 D). To measure the perfor-

ance of our thermal plate across a range of static thermal conditions,

e developed a simple gradient “stepping ” protocol (described in the

upplementary material). We advise any researchers who produce this

r a similar system to carry out this protocol or a comparable protocol

o identify the limitations of their own system. 

We tested the plate using three different dynamic programs that were

elected based on their utility to insect thermal biologists. The first was

wo ramping tests from + 20 °C to + 40 °C over 1 h and 2 h at one end

f the plate while the other was held constant at + 20 °C (simulating a

amp to acute heat stress; Fig. 3 A). The second dynamic test was five

ycles of + 10 °C to + 30 °C at one end while the other end was held con-

tant at + 20 °C ( Fig. 3 B). To simulate rapid thermal cycles, this cycling

as left to repeat five times, and each cycle lasted a total of two hours

rom + 10 to + 30 °C and vice versa, but diurnal cycles as used for our

ricket experiment (below) are commonly longer. The third dynamic

est was a fluctuating thermal regime (FTR; Fig. 3 C). The FTR was done

y forming a 0 to + 25 °C gradient during a cool period, followed by

n identical warm period across the plate at + 25 °C. FTR programs are

ommonly used and studied in the context of long-term insect storage

 Rinehart et al., 2011 ; Colinet et al., 2007 ; Ko š tál et al., 2007 ). Each of

hese programs was tested and recorded once. 

We next turned our attention to the practical use of the plate. We

ested whether small animal containers (glass Drosophila vials), could

e placed directly on the plate, or if an intermediate containment vessel

as needed to achieve stable temperatures inside the containers. We ex-

ected issues to be most pronounced with temperature gradients across a

ample container that deviated far from room temperature, so these tests

ere conducted at low temperatures. With a gradient of − 10 to + 7 °C

ormed across the plate, glass vials (25 mm diameter × 95 mm height)

ere placed at the − 10 °C end of the plate. We used type-K thermocou-

les to measure the temperature of the air in the vial, and the bottom

f the glass along with the plate. Since this experiment indicated that

ontact with the plate alone was not sufficient to establish stable ho-

ogeneous temperatures inside sample vials, we devised an alternative

pproach. We opted to use narrow troughs containing a mixture of ethy-

ene glycol and water. We created the troughs (39.37 ×7.62 ×7.62 cm)

sing sheet metal (0.9 mm thick), rivets, and silicone caulking. A Styro-

oam lid was created for each trough that contained 20 holes to securely

t the vials. The tight fit of the lid around the vials held them in place
 t  
Figure S3). The troughs were placed on the plate with the vials which

ere then placed in glycol in the troughs. This approach produced sta-

le and homogenous temperatures throughout the glass surface of the

ial as well as the air inside the vial. 

roof of concept 1: Drosophila cold tolerance 

The population of Drosophila melanogaster used ( Marshall and Sin-

lair, 2010 ) were reared in 200 mL plastic bottles containing 50 mL of

 banana-based diet (containing primarily banana, active yeast, corn

yrup, and barley malt). Flies were kept in an incubator at + 25 °C in a

2 h:12 h light/dark cycle. Flies were allowed to lay fresh eggs by trans-

erring ∼800 adult flies into a population cage containing food in a petri

ish and were left for 24 h before being removed. This process resulted

n roughly 1200 eggs laid in each cage. The food containing the eggs

as divided up and placed into fresh glass vials (approx. 100 eggs per

ial). 

All flies were sorted by sex on the day of adult emergence under light

O 2 . Flies were not exposed to CO 2 for more than 10 min to ensure no

ong-term physiological effects ( Bartholomew et al., 2015 ; Nilson et al.,

006 ). Females were transferred in groups of 10 into glass vials with

 mL of fresh banana food (mainly made up of bananas, corn syrup,

gar, yeast). 

Our sheet metal troughs (described above) were each laid across the

idth of the plate at nine positions across the length of the plate. Each tin

as filled with 1 L of a mix of ethylene glycol and water and was placed

n the plate once a stable − 6 °C to − 1 °C gradient had formed. Nine metal

ins were placed on the plate from one end to the other, which resulted

n each vial of flies being exposed to one of nine temperature points,

epending on location. Type-K thermocouples were placed at the bottom

f two vials in each tin to record temperatures experienced by the flies.

he thermocouples were held in place by the foam stopper used to hold

he flies in the vials. Adult flies were transferred to empty glass vials and

estricted to the bottom 25% of the vial with a foam stopper. All of the

ials were then placed into the metal tins. After 4 h in the cold, flies were

emoved and transferred to vials with banana food and left to recover

t + 25 °C. At 2 h, 24 h, and 48 h (after removal from the cold), survival

as checked and scored based on whether the fly was able to stand

pright at room temperature. Using the survival scores from 2 h after the

old stress, we tested for an effect of temperature on the ability of flies

o survive at different temperatures using a generalized linear model

ith temperature and sex as factors. This model had a binomial error

istribution and a logit-link. We then extracted data from flies exposed

o − 2.21 °C and used a mixed effects model (with sex and recovery time
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Fig. 2. Production of stable linear gradients along the length, but not the width of the gradient plate. A) Probe positions and expected outcomes from establishing 

constant temperatures at either end of the gradient plate. B) Actual data recorded at eight locations in the position of the plate with an established linear gradient. 

Circulating baths connected to the plate were set to + 40 °C (bath 1) and 0 °C (bath 2). Each line represents a single type-K thermocouple recording over a 30 min 

period ( n = 3 per position). C) Temperatures recorded at eight locations along the length of the plate while maintaining a stable gradient. Solid circles represent the 

mean of three replicant measurements at each location (open circles, barely visible because of low variance). Note that the R 2 of the temperature-position relationship 

is close to 1 (0.988 to 0.999). D) Measurements of temperature along the width of the plate at several points in the length of the plate with a thermal gradient of 0 

to + 40 °C. Colors denote position along the length of the plate, and eight temperature recordings across the width of the plate were made for each position along its 

length. Boxplots show the variation of temperature across the plate width. 
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s factors and vial as a random effect) to examine how rates of survival

hanged over time after removal from the cold. 

roof of concept 2: Gryllodes sigillatus cycling growth 

The Gryllodes sigillatus eggs used for the experiment came from En-

omo Farms, in Norwood, ON, Canada. The eggs were laid at the farm

nd were transferred to a + 25 °C incubator at day one of egg develop-

ent. Hatchlings that all emerged within a 24 h period were transferred

o a plastic container (24.5 cm × 12.5 cm × 19.5 cm) where they were

ept at + 33 °C with food, shelter and water and were maintained for

wo weeks. Each individual was then weighed to the nearest μg using a

icrobalance (Sartorius ME5 model) and transferred to a 30 mm petri

ish. Each petri dish contained a 200 μL PCR tube lid filled with cricket

iet, a 200 μL microcentrifuge tube with water and stoppered with cot-

on, and a folded piece of paper for shelter. Crickets in their respective

etri dishes were placed directly on the plate at 10 different locations

cross the length of the plate in replicates of 10, resulting in a total sam-
le size of 100 crickets (Figure S4). The treatment groups (defined by

ocation on the plate) were divided by Styrofoam barriers to minimize

irflow across the plate surface. A light strip was attached to the inside

f the Styrofoam lid and was set at a 12:12 h day and night cycle (lights

n at 8 AM). 

One side of the plate was held at a constant 30 °C while the other

ide was cycled daily between 20 °C and 40 °C. The ramp rate was set to

ncrease or decrease by 10 °C over 6 h, and a full cycle was completed

very 24 h. Temperatures experienced were measured by placing two

ype-K thermocouples into empty cricket containers at the far ends of

ach treatment group. This created 10 treatment levels of daily thermal

ariability experienced by the crickets with those closest to the cycling

nd experiencing the widest range of temperatures ( + 38 °C to + 22 °C).

ater for the crickets was replaced on days 2 and 4 of the 5-day cycling

eriod to ensure the animals were not water stressed. Once 5 cycles

ad been completed, the crickets were removed from the plate, and the

ody mass of each individual was measured. The effect of thermal cycle

mplitude and initial mass on final mass and the effect of thermal cycle
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Fig. 3. Dynamic thermal gradients allow for complex experiments using programmable refrigerated circulators. Programs shown produce predictable variations 

in warming rate, thermal cycle amplitude, or a chosen aspect of a fluctuating thermal regime over time. A-C) Expected relationships between time (x-axis) and 

temperature (y-axis) along the length of the gradient plate (color represents position across the length of the plate) when baths 1 and 2 are programmed as 

shown (gray background). D-F) Actual outcomes of bath programming experiments (temperature recordings over time). Each line represents the temperature of 

measurements at each position using type-K thermocouples. G) Rates of temperature change at each position during two runs using different warming rates of bath 2. 

This approach creates a linear relationship between position and thermal ramp rate. H-I) Maximum and minimum temperatures and cycle amplitude recorded using 

a cycling program. Cycling temperature of one bath (bath 1) while holding another constant (bath 2) produces repeatable cycle maxima and minima that vary by 

position across the plate and linearly alters cycle amplitude relative to the position. J) Relationship between temperature and position for cold storage temperature 

and warm break period in a fluctuating thermal regime simulation. A single aspect of the program can be altered predictably across the length of the plate (e.g., 

storage temp) while holding another aspect (warm break temperature) constant. 
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mplitude on proportion of mass gained over the five-day period were

ested using general linear models. 

esults and discussion 

imple thermal gradients 

Based on our design, we predicted that we could achieve linear ther-

al gradients across the plate that were stable ( Fig. 2 A). Indeed, stable

hermal gradients formed on the gradient plate when one refrigerated

irculator was set to 0 °C and the other was set to + 10 °C, + 25 °C or

 40 °C ( Fig. 2 B). The relationship between distance (across the plate)

nd temperature always closely fit simple linear models (R 

2 between

.988 and 0.999; Fig. 2 C). The intercepts of each of the gradients were

lose to the value of the highest set temperature ( Fig. 2 C). 

Once running, the system was very stable. Over a three replicate

uns, each over a 24 h period and with a 0 °C to + 40 °C gradient estab-

ished, we recorded standard deviations of temperature at each location

etween 0.09 and 0.51 °C. In a separate run also using the same tem-

erature settings we examined the reliability of temperatures across the

idth of the plate. The temperature across the width of the plate was
easured to ensure consistent temperatures would be experienced by an

rganism at the same position across the length of the plate ( Fig. 2 D).

he temperature measured across the width of the plate was similarly

onsistent at each location across the length ( Fig. 2 D). The standard de-

iation of temperature at each of the positions across the width of the

late varied between 0.3 and 0.6 °C ( Fig. 2 D), which is well within the

xpected error rate of type-K thermocouples ( ∼1.1 °C or 0.4%). Thus,

ike previously described thermal gradient plates [e.g. Sayeed and Ben-

er, 1996 ; Woods and Bonnecaze, 2006 ], our system can produce linear

emperature gradients across the length of the plate, and these temper-

tures are stable over time ( Fig. 2 ). 

ynamic thermal gradients 

The first dynamic gradient we attempted was an upward temperature

amp with one bath while the other was held at a constant temperature

 Fig. 3 A). This dynamic gradient was repeated twice with a 2 h (0.17 °C

in − 1 rate) and 1 h (0.33 °C min − 1 rate) ramp being completed by the

ath. Both of these experiments resulted in a range of ramping rates

cross the plate that varied linearly with position ( Fig. 3 D, G). Thus, this

ystem can easily be used to study the effects of temperature ramp rates
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Fig. 4. Proof of concept experiments to demonstrate the utility of the dynamic thermal gradient system. A) Survival of adult male (red) and female (blue) D. 

melanogaster following constant exposure to different temperatures for 4 h on the thermal plate. Each solid circle represents an individual fly. 1 = survived, 0 = dead. 

We noted that males were much more cold-tolerant when measured specifically at − 2.21 °C. B) Survival following exposure to − 2.21 °C for 4 h in the same flies across 

multiple rounds of survival assessment (2 h, 24 h, and 48 h). Although males appear more tolerant of chilling at first, they are more likely to suffer latent mortality. 

Each open circle represents an independent vial (containing ∼10 flies); solid circles represent the mean ( ± sem) survival. C) One day of the diurnal cycling program 

experienced by developing crickets ( Gryllodes sigillatus ). Different colours denote 10 different locations across the length of the plate with temperature ranges from 

1.6 °C (black) to 16.6 °C (dark red). Small deviations in temperature can be seen when the lights switch on and off. D) Violin plots showing temperatures experienced 

by the crickets each day. Width denotes the amount of time spent at a given temperature. Solid circles denote the mean temperature experienced across the entire 

day (consistently + 30 °C across the plate). Horizontal lines denote the 25% and 75% quartiles. E) Initial (triangles) and final (circles) mass of crickets at each location 

across the plate. Small symbols denote individual crickets and large symbols denote the mean ± sem. Variance in final body size was strongly related to initial size, 

but not significantly impacted by thermal variation. F) The same is true when adjusting for initial body size by expressing growth as a percentage of initial mass; 

thermal variability did not affect growth rates of G. sigillatus . 
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n organismal performance and fitness. Since we were not observing an-

mals during this experiment, we used an opaque Styrofoam lid over the

late, but a clear plastic or glass lid could be used and would allow for

xperiments requiring continuous observation during a thermal ramp. If

 different lid is used, a re-mapping of the thermal characteristics should

e done (see detailed recommendations in the supplementary material;

igure S4-S5) as a clear lid will have different insulative properties. 

To create cycling temperatures, we set one circulator to cycle be-

ween high and low temperatures while the other was held at a constant

emperature in the middle of cycle amplitude ( Fig. 3 B). As expected, this

et of programs produced predictable temperature cycles of varying am-

litudes across the length of the plate ( Fig. 3 E). The maxima and min-

ma of each cycle changed linearly across the length of the plate (max-

ma R 

2 = 0.995, minima R 

2 = 0.982; Fig. 3 H), and thus the amplitude of

he temperature variation varied linearly across the plate (R 

2 = 0.982;

ig. 3 I). Thus, our system can be used to study the effects of thermal fluc-

uations on survival, growth, reproduction, or any other trait of interest.

y testing the system setup while trialing sample placement, a carefully

rafted range of variations in cycle amplitude can be created and used. 

As a third and final test of the ability of our system to create dy-

amic thermal environments, we simulated a fluctuating thermal regime

FTR). FTR is characterized by a period of cool temperatures followed

y a warm break and is often used to store insects for long periods for

ommercial purposes while slowing physiological aging and avoiding

ong term effects of low-temperature exposure ( Fig. 3 C). To accomplish

his, we held one bath at a constant temperature ( + 25 °C) while the

ther bath completed cycles of 0 °C with periodic warming to + 25 °C.

s predicted ( Fig. 3 C), this arrangement produced FTR cycles across the

late with a consistent temperature for the warm break ( + 25 °C), while

he cool “storage ” temperatures varied linearly across the length of the

late ( Fig. 3 F, J; R 

2 = 0.994). Thus, our design allows for careful manip-

lation of sample conditions following stepwise changes in the thermal

rogram. In the case of FTR cycles, the sample storage or warm “break ”

emperature can be independently manipulated to study the effects of

hese treatments on insect survival or fitness. This specific application of

ur design would allow for high-throughput optimization of commercial

r governmental insect storage programs. 

roof of concept 1: Drosophila cold tolerance 

We generated a low-temperature survival curve for Drosophila from

 single use of the plate ( Fig. 4 A; survival 2 h post-cold stress shown).

e noted a sharp decrease in survival in males and females at approxi-

ately − 2.2 °C, and while the effect of sex was small ( Fig. 4 A), the large

ample size contributed to both temperature (F 1,1578 = 1945.8, P < 0.001)

nd sex (F 1,1577 = 84.6, P < 0.001) having statistically significant effects

n survival. This sex effect was driven by the fact that males were more

olerant of chilling at just one temperature point in the assay ( − 2.2 °C;

ig. 4 A). At this temperature, nearly all males were alive 2 h after the

old stress while c. 70% of females were dead ( Fig 4 A). Survival was

gain measured at 24 h, and 48 h following removal from the cold expo-

ure, so we tested whether survival outcomes changed between males

nd females in the 48 h following after exposure to − 2.2 °C ( Fig. 4 B).

pecifically, while males were far more likely to be scored as alive 2 h

ollowing the cold stress, they were far more likely to die in the en-

uing 48 h ( Fig. 4 B; mixed effects model recovery time × sex interac-

ion: F 1,45 = 7.34, P = 0.002). While females never recovered from chill

oma, males recovered the ability to stand, but then died. These results

re similar to our recent report of latent chilling injury effects in vir-

in female flies following exposure to 0 °C ( El-Saadi et al., 2020 ), which

uggests that conditions leading to latent injury may be temperature-,

ex-, and/or reproductive status-specific. Recording the same data with

maller sample size or fewer temperatures, over multiple rounds because

f equipment limitations, or not recording survival over multiple time

oints could have missed these important differences between the sexes.
roof of concept 2: Gryllodes sigillatus growth during daily thermal cycles 

To test the effects of thermal fluctuations on insect growth, we gen-

rated a 24-hour cycling regime from + 40 °C to + 20 °C ( Fig. 4 C) that

llowed us to create 10 different cycling regimes across the plate that

aried in the amplitude of thermal fluctuation. We used this approach to

ecord the growth rates of two-week old crickets over five days ( Fig. 4 D).

he starting weight of each cricket was measured before the start of the

ycling regime and at the end ( Fig. 4 E). We expected thermal variabil-

ty to negatively impact growth rates. The initial mass of the cricket

trongly predicted the final mass (F 1,116 = 61.6, P < 0.001), but surpris-

ngly the position of the cricket on the plate (diurnal temperature range)

id not affect final mass (F 9, 107 = 0.7, P = 0.743), or interact with initial

ass to influence final mass (F 9, 98 = 0.4, P = 0.909). Most crickets ap-

roximately doubled in mass over the five-day period ( Fig. 4 F). This

mplies that none of the cycling regimes created (ranging from 1.6 to

6.6 °C of thermal range) resulted in any effect on growth rates. 

onclusions 

The thermal gradient system described and demonstrated here rep-

esents a powerful new approach to characterizing thermal performance

n small organisms. This system can be built from readily available parts

nd with limited technical knowledge and can be used on a wide vari-

ty of sample types to measure nearly any thermal performance trait.

he system produces stable static and/or predictable dynamic thermal

radients over a large surface area, permitting high throughput inves-

igations. We are optimistic that this system as described or with cre-

tive improvements can enhance and accelerate research on the ecology,

volution, physiology, and molecular biology of ectothermic organisms,

hile also making these studies more economical for researchers with a

imited budget. 
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