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Thus far, we have assumed working with obligate sexually 
reproducing terrestrial invertebrates in which the male places 
his sperm directly in or on the female genital opening. Other 
modes of sperm transfer involve the external deposition of 
sperm by the male, often packaged into a protective spermato-
phore. This spermatophore may be waiting several days to be 
picked up by a female. Deposition of the spermatophore on 
a substrate in the environment increases exposure to exter-
nal conditions and hence constitutes an additional phase in 
which damage due to heat stress may occur. Completely dis-
sociated sperm transfer is rather common among terrestrial 
invertebrates, including several species of millipedes, pseu-
doscorpions, mites and springtails (Proctor, 1998; Witte & 
Döring, 1999). For species with dissociated sperm transfer, an 
additional exposure treatment that tests the TFL of deposited 
spermatophores is necessary. To achieve this, males kept under 
benign (control) conditions should be allowed to deposit sper-
matophores, which can then be exposed to temperatures as 
described for the TFL protocol. After the heat exposure, the 
vials with spermatophores should be returned to their main-
tenance temperature and offered to virgin, receptive females.

Simultaneous measurement of lethal limits and 
thermal fertility limits
To assess whether fertility limits occur at lower temperatures 
than lethal limits, we outline a protocol that measures both 

simultaneously by exposing individuals to static temperature 
manipulations. For both measures, limits are de�ned as when 
80% of individuals tested die (LT80) and when 80% of living 
individuals are sterile (TFL80). We score individuals as fertile 
if they produce at least one live offspring; otherwise, they are 
scored as sterile. Sterility then includes reductions driven by 
damage to physiological and behavioural aspects of repro-
duction. Thus, for both LT and TFL, an individual�s outcome 
is binary: individuals are either alive or dead, and if alive, they 
are either fertile or sterile.

A thermal reaction norm approach can be used to deter-
mine both LT80 and TFL80 simultaneously (Figures 1 and 
2) to assess the temperatures when the respective limits are 
reached. Because identifying the thermal limit for a particu-
lar proportion of the population relies on a dose�response 
function, we recommend testing at least �ve different tem-
peratures to infer LT80 and TFL80. To make an informed 
choice of test temperatures, we �rst suggest using previously 
estimated CTmax (from sources like Bennett et al., 2018; Leiva 
et al., 2019; Pottier et al., 2022; Weaving et al., 2022) or 
if resources allow, CTmax measurements can be performed 
(e.g., Hoffmann et al., 2002 for constant temperatures; see; 
Terblanche et al., 2007 for a ramping protocol). When CTL 
data is not available, we suggest using existing knowledge 
of species� geographical ranges (e.g., using the WorldClim2 
database, Fick & Hijmans, 2017), which can be adjusted 

Figure 1. An overview of the gold-standard laboratory protocols (A) to simultaneously assay Lethal Limits and Thermal Fertility Limits or (B) Thermal 
Sensitivity of Fertility. Age-matched adults from a stock population (black beetle symbols) are raised at the benign temperature (sun symbols). When 
sexually mature, experimental individuals (beetle symbols other than black) are then exposed for 4 hr to the benign temperature or varying higher 
temperatures (lightning bolt symbols). 24 hr after temperature exposure (C) LT is then measured via the number alive/dead. Survivors are mated and 
scored as fertile/sterile (D) to determine TFL, though number of offspring from those that are fertile can also be counted. An additional measurement 
of TFL should be made at a later time point. Additionally (B), the Thermal Sensitivity of Fertility (TSF) can be measured as the change in number of 
offspring (E) at benign versus a higher temperatures (e.g., the ratio between temperatures). TSF can be used as an alternative if there are limitations to 
following the gold-standard protocol or when collecting real-time data from animals experiencing stressful temperatures in the wild.
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to the ecology of the study species, e.g., using NicheMapR 
(Kearney & Porter, 2020). Parratt et al. (2021) used the 
mean maximum air temperature between the years 1970 
and 2000 integrated with recorded species ranges to deter-
mine the maximum air temperatures species experienced in 
nature. Subsequent test temperatures would be determined 
by decreasing in steps of 1�2 °C from the anticipated lethal 
limit. However, temperature increments should be dictated by 
the accuracy of the equipment used. To avoid block effects, 
each experiment should include multiple groups of individu-
als, with each group exposed to a different temperature. The 
number of temperatures that can be simultaneously tested is 
dependent on equipment and organism availability. Multiple 
rounds may be necessary to �nd the limits, and each round 
must include the benign control temperature.

Because our focus is on short extreme heat stress, we rec-
ommend a temperature exposure time of 4 hr. During the hot-
test part of the year, there exists substantial diurnal variation. 
Typically, according to the diurnal temperature cycle of land 
surface temperatures, maximum daily temperatures are expe-
rienced in the afternoon and last 2�4 hr (Holmes et al., 2015). 
Our choice of 4 hr therefore simulates this regime and has the 
added bene�t of likely avoiding confounds with humidity due 
to the short exposure time (Terblanche et al., 2011). It is also 
practically easy to carry out in a day.

After the 4-hr heat exposure, individuals are returned to 
their maintenance temperature for 24 hr, regardless of the 
assay temperature. After 24 hr, survival is scored to determine 
LT80 (Figure 1). Focal survivors are then given mating oppor-
tunities with reproductively mature virgins of the opposite sex 
that have been maintained at the benign temperature (Figure 
1). We recommend supplying control non-focal mates at a 
greater ratio (e.g., 1:2) to avoid the possibility of unintended 

non-focal individual sterility, unwillingness to mate with 
heat-stressed focal individuals or other reasons that would 
confound results. Where the availability of either sex is lim-
iting, then an increase in replication of experimental animals 
should be prioritized over giving multiple mating partners.

As the gold standard, we recommend measuring the fer-
tility of individuals twice, initially from a mating 24 hr after 
heat exposure and then at a later time point, to capture 
delayed sterilization or potential recovery. Previous work on 
males of 43 Drosophila species found more species were ster-
ile at a later time (Parratt et al., 2021). In that case, fertility 
data was captured after mating over the �rst 6 days, and 
the focal males were then provided new virgin females at 
7 days after heat exposure treatments and allowed to mate 
for 24 hr. These timings should be based on traits of the 
study species, such as remating rate, gametogenesis time and 
longevity. Alternatively, rather than delayed sterility, fertil-
ity may recover at a later time point if physiological repair 
mechanisms come into play (David et al., 2005; Sales et al., 
2021). If resources (time, animals) are limited, then measure-
ment at a one-time point relevant for the given species fol-
lowing heat stress is suf�cient. For even richer data, if your 
organism is amenable, counting the number of offspring can 
provide �ner-scale information about heat-induced effects on 
fecundity.

To statistically determine the limits, we recommend using a 
dose�response function as done in previous studies (Parratt et 
al., 2021; van Heerwaarden & Sgrò, 2021). For instance, one 
may use the drm function in the drc package (Ritz et al., 2015) 
to �t dose�response models using R statistical software or use 
equivalent models. Our gold-standard protocol uses LT80 and 
TFL80 determined for each sex separately, as we assume such 
a strong reduction would have a severe impact on population 

Figure 2. Flowchart of steps to determine TFLs and LTs simultaneously (Protocol for determining thermal fertility limits section). Both sexes should be 
assayed individually, though not necessarily at the same time, given the resources required.
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