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A postprandial increase in metabolic rate is typical in all studied animal groups. The phenomenon, termed
specific dynamic action (SDA), is understudied in terrestrial arthropods, and arachnids in particular. To the best
of our knowledge, this is the first report of SDA properties in scorpions, which are temperature-dependent as in
other poikilotherms. Metabolic rates of scorpions are low compared with similarly-sized arthropods, and as they
often feed on relatively large prey the cost of digestion is expected to be notable. This prompted us to study the
extent of SDA and its characteristics in scorpions at two different ecologically-relevant temperatures. We also
hypothesized that post-feeding behavioral thermoregulation would reflect benefits to the scorpion energy bal
ance. On average, fed adult Hottentotta judaicus (Buthidae) expressed a 3 ◦ C increase in preferred surface tem
perature, although we did not find evidence for lower costs of digestion at higher temperatures. However, SDA
duration was significantly shorter at 30 compared with 25 ◦ C. Fast processing of their meal at 30 ◦ C was
correlated with recovery of elevated nocturnal metabolic rates, which are not digestion-related. This suggests
that post-feeding choice of higher temperatures accelerates digestion and recovery of other elevated metabolic
states such as locomotion and lower sensory threshold, which may enhance foraging success.

1. Introduction
A wide array of animals, including invertebrates, ectothermic and
endothermic vertebrates, display a postprandial increase in metabolic
rates which is typically termed specific dynamic action (SDA). This in
crease represents the energy expenditure associated with all feedingrelated activities, including ingestion, digestion, nutrient absorption
and assimilation and excretion. The magnitude and shape of the SDA
response have been shown to vary with animal size, meal size and
composition and ambient temperature. Variable SDA properties include
its total value, SDA duration, peak values and their timing, SDA scope
(peak values divided by baseline values) and SDA coefficient, which is
an index for prey energy utilization (SDA as a fraction of meal energy
content) (McCue, 2006; Secor, 2009).
Within invertebrates, SDA studies have largely focused on aquatic
and semi-aquatic species (McCue, 2006; Secor, 2009; McCue et al.,
2016a). Despite their enormous diversity, biomass, economic and
medical importance, surprisingly little is known on SDA in terrestrial
arthropods. Literature data includes a dozen studies on SDA in insects
and a total of only three on arachnids (for a list of studies see McCue

et al., 2016a). Data on temperature-dependence of SDA in terrestrial
arthropods is even more scarce, and limited to a single recent study on
tsetse flies (McCue et al., 2016b).
To the best of our knowledge, there is currently no available litera
ture on SDA in scorpions. Characteristically, scorpions (and many spi
ders) have low metabolic rates compared with arthropods of similar
body size, which may represent an adaptation to their infrequent feeding
behavior as mostly sit-and-wait predators (Anderson, 1970; Lighton
et al., 2001). Extra-oral digestion, typical of scorpions and other pre
daceous arthropods, is also advantageous when prey availability is un
predictable, as it increases the size range of potential prey which does
not have to be swallowed whole (Cohen, 1995). As a consequence of
their typical low standard metabolic rate (SMR; minimum metabolic
rate of a postabsorptive, non-active individual) and potentially large
prey mass, we expected to observe a substantial metabolic response to
feeding in scorpions.
We also expected that the scorpions, being poikilothermic, would
express temperature-dependence of prey processing dynamics, and that
this dependence would be reflected in their post-feeding thermoregu
latory behavior. The magnitude of SDA has been shown to be
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independent of temperature in crustaceans and poikilothermic verte
brates (McCue et al., 2016a, Table S1 therein). However, the recent
study on thermal dependence of SDA in tsetse flies (McCue et al., 2016a)
indicates relatively lower cost of digestion with increasing temperatures,
which is correlated with post-feeding preference for higher tempera
tures. Temperature effects on SDA in arachnids have not been studied
yet.
We therefore measured oxygen consumption rates before and after
feeding in order to quantify the postprandial metabolic response in adult
Hottentotta judaicus (Buthidae) at two temperatures, representing the
mean and upper limit of the preferred temperature range of the species
(25 and 30 ◦ C, respectively) (Warburg and Ben-Horin, 1981; Warburg
and Polis, 1990). In an accompanying experiment we compared the
scorpions’ thermal preference before and after prey consumption. We
hypothesized that temperature effects on SDA characteristics would be
manifested in their postprandial thermoregulatory behavior. More spe
cifically, we expected a considerable, temperature-dependent cost of
digestion resulting in post-feeding thermophily.

were taken away using forceps (and weighed) before placing the scor
pions back in the metabolic chambers for 7 d of post-feeding respi
rometry. Prey consumption by one scorpion in the 25 ◦ C treatment was
only 7% of its own body mass (compared with 14–31% for the rest of the
scorpions) and therefore we excluded this individual from further ana
lyses, with final sample sizes at 11 (25 ◦ C) and 14 (30 ◦ C). Pre-feeding
measurements revealed a marked diurnal cycle in V̇O2 and therefore
feeding commenced at 12:00 and 01:00 (for 25 ◦ C and 30 ◦ C, respec
tively) in an attempt to separate the largest post-feeding metabolic
response from the elevated nocturnal V̇O2 levels, which typically sub
sided to daytime (light phase; 04:00 to 18:00) levels by 05:00.
Considering the rhythmic elevations in V̇O2 in the dark phase,
reflecting nocturnal behavior in scorpions (Fig. 1), we calculated SMR
by averaging values below the 3-day median. Pre-feeding data for 5
individuals at 25 ◦ C is available for 48 h only. Maximal metabolic rates
(MMRs) were calculated by averaging the highest three recorded values
(thus averaging ~ 5 h consumption) in each dark phase.
In order to estimate the metabolic cost of meal processing we had to
separate post-feeding increase in V̇O2 from persisting diel fluctuations in
V̇O2 (Fig. 2). For that purpose, we fitted logarithmic curves to the lowest
50% values in each light phase during the 7 d post-feeding recordings
(R2 = 0.75–0.98; N = 25) to avoid overestimation of SDA as a result of
elevated dark phase metabolic rates which were independent of feeding
(Figs. 1, 2). This allowed calculation of SDA by subtracting SMR values
from post-feeding V̇O2 represented by the area underneath the respec
tive logarithmic curves. The logarithmic decay in recorded V̇O2 rarely
reached SMR levels within the time-frame of this experimental protocol.
We therefore considered the first of two successive values (>3h) lower
than day 7 light phase mean as the termination point of SDA (Fig. 2).
Energy balance- Respiratory exchange ratios in H. judaicus during the
first week post feeding (0.88–0.89; Kalra and Gefen, 2012) are indicative
of catabolism of a mixture of metabolic fuels, and therefore we used a
value of 20.0 kJ⋅l-1O2 (Hadley, 1994) to convert V̇O2 to energy expen
diture. For calculation of energy gain from feeding we weighed freshlykilled locust nymphs, dried them to constant mass at 60 ◦ C before
weighing their dry mass. Dry to fresh mass ratio (0.245 ± 0.004; N = 15)
and available data on locust nymph energy content (23.95 kJ⋅ g dry
mass− 1; Carefoot, 1977, cited by Köhler et al., 1987) were used to
calculate the energy content of ingested prey.
Thermal preference- Behavioral thermoregulation by the scorpions
was monitored using an aluminum thermal-gradient arena, covered
with a thin fabric, which consisted of 5 separated 105 × 10 cm lanes (SI
2). Temperature along the gradient ranged between 19 and 46 ◦ C and
was controlled using two circulating water baths and copper tubing
underneath the opposing ends of the arena. The thermal gradient along
each lane was established with temperature sensors and data loggers
(HOBO U12-006, Onset, Bourne, MA, USA) during overnight pre
liminary runs, and the sensors were then positioned in the intervening
narrow lanes (3 cm wide; SI 2), which also served to prevent interaction
between individual scorpions in adjacent lanes, to monitor surface
temperature stability.
Following collection, the scorpions were acclimated to 25 ◦ C with no
access to prey for two weeks, before being randomly placed on the
arena, which was then covered with a plexiglass top. The scorpions were
then photographed at 1 min intervals for 10 h during the night in the
darkened lab under red-light conditions, to prevent light-effect on their
behavior (Gaffin et al., 2012). An identical assay protocol was used for
the same individual scorpions after they were presented with prey for 5
h at 25 ◦ C (consumed prey mass was 21.6 ± 1.5% of their own body
mass) for comparison of their thermal preference before and after
feeding. A scorpion position on the arena was used for analysis only
when it was identical in two successive photos (i.e. 1 min interval) in
order to avoid the use of incidental data as scorpions move along the
arena lanes. Data recorded during the first 1 h, which may reflect
handling effects and scorpion acclimation to the arena, were discarded.

2. Methods
Scorpion collection- Adult H. judaicus (of mixed sexes) were collected
between December 2018-February 2019 from a grouping of Eucalyptus
trees in Qiryat Atta, Northern Israel (32◦ 47′ 40.0′′ N 35◦ 05′ 19.6′′ E),
within a short distance of the laboratory at the Oranim campus. The
scorpions were collected from peeling barks, where they aggregate and
seek refuge during the cooler winter months (SI 1). Upon arrival to the
laboratory the scorpions were placed in 9 cm diameter plastic containers
with soil from the collection site, and placed in a temperature cabinet
(MIR 554, Panasonic, Japan) set to 25 ◦ C (±0.2 ◦ C) and 14L:10D
photoperiod cycle. Scorpions assigned to the 30 ◦ C experimental group
were transferred to the experimental temperature after three days of
acclimation to laboratory conditions. The scorpions were then fed with
desert locust (Schistocerca gregaria) third-instar nymphs. Experimenta
tion commenced between 1 and 2 weeks following feeding. In a previous
study it was shown that 1-week post-feeding metabolic rates in
H. judaicus are indistinguishable from those recorded in following three
weeks (Kalra and Gefen, 2012), and thus do not represent either SDA or
hypometabolism resulting from prolonged desiccation/starvation under
these experimental conditions.
Oxygen consumption rates- We measured oxygen consumption rates
(V̇O2 ) using stop-flow (closed system) respirometry under a 14L:10D
photoperiod cycle at each experimental temperature. We used custombuilt metabolic chambers made from 60 ml plastic syringes, with the
plunger pushed to the 30 ml mark (SI 1). Seven chambers (SI 1) were
connected to a flow multiplexer (RM-8, Sable Systems International, Las
Vegas, NV, USA; SSI), with a remaining channel serving for baselining.
Incoming air was scrubbed of CO2 and water vapor (silica gel and
Ascarite columns) and passed through the multiplexer at 100 ml⋅ min− 1
(MC-500SCCM-D; Alicat Scientific, Tucson, AZ, USA), and then through
a column of ascarite and magnesium perchlorate to remove CO2 and
water vapor, to an Oxzilla-II oxygen analyzer (SSI). Each chamber was
washed for 5 min between two 7.5 min baselining runs, and thus each
chamber was washed after being sealed for 95 min. Analyzer analog
output was digitized (UI-2, SSI), recorded and analyzed (Expedata, SSI)
using a desktop PC.
A week after feeding, the scorpions were weighed to the nearest 0.1
mg (CPA224S, Sartorius, Göttingen, Germany) and placed in the meta
bolic chambers for a 3 d recording for determination of standard
metabolic rates (SMR). The scorpions were then returned to their plastic
containers and offered pre-weighed locust nymphs as prey. We allowed
5 h for feeding in the 25 ◦ C and 4 h in the 30 ◦ C treatment in order to
maintain similar levels of prey mass gain in the temperature treatments,
as meal size is an important factor in the magnitude of SDA (McCue,
2006; Secor, 2009). The prey was never fully consumed, and the remains
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Fig. 1. Pre-feeding oxygen consumption rates (V̇O2 ; means ± s.e.m.) in adult H. judaicus at 25 (blue; N = 11) and 30 ◦ C (red; N = 14). Shaded grey areas and dark
sections of the horizontal bar refer to the dark phases (18:00–04:00 h). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Statistics- We used different individual scorpions for the two tem
perature treatments, and therefore used two-tailed t-tests for compari
sons of SDA metrics. SDA duration data were not normally distributed
and were compared using the non-parametric Mann-Whitney test.
ANCOVA, with scorpion body mass as a covariate, was used for meta
bolic rate comparisons. Thermal choice assays were performed on the
same individuals before and after feeding, and were thus analyzed by
employing a paired t-test. Statistical analyses, including tests for
normality and equality of variances, were performed using SPSS version
19.0 (IBM). Values throughout this paper are presented as means ± s.e.
m.

peak SDA rates, SDA duration was 10% shorter at 30 ◦ C (Mann Whitney
test; U = 36, p = 0.03) (Table 1; Fig. 2).
We also averaged the top three V̇O2 values recorded each night
following prey consumption, and by subtracting the logarithmic decay
of SDA from these daily MMR values we were able to calculate the
persisting, rhythmic, elevated, dark phase V̇O2 which was unrelated to
meal processing. These values were initially reduced at 30 ◦ C, but their
subsequent increase (F1,6 = 21.3, p = 0.006) (Fig. 3) resulted in fairly
constant peak nocturnal V̇O2 (Fig. 2b). In contrast, a significant decrease
(F1,6 = 10.0, p = 0.025) (Fig. 3) in non-feeding related energy expen
diture was observed at 25 ◦ C despite the logarithmic decay of SDA with
time (Fig. 2a).
Of the 10 scorpions that were used for the thermal preference assays,
three individuals did not express locomotor activity, and remained in
the exact position on the arena where they were initially placed. We
therefore excluded these individuals from further analysis, which
focused on seven scorpions (body mass of 1.464 ± 0.168 g) for which
activity (change of position between successive 1 min intervals) and
“temperature preference” (identical positioning in successive images)
was recorded before and after feeding. Prey consumption between as
says totaled at 21.6 ± 1.5% of the scorpions’ body mass, within the
range of the meal sizes recorded for SDA determination. On average, fed
scorpions were more active compared with unfed individuals, changing
position between successive images on 43% compared with 34% of the
time, respectively. Of the data showing thermal preference, unfed
scorpions spent 19.5% of the time at a surface temperature of 35 ◦ C,
whereas peak preference post-feeding was recorded at 37 ◦ C (21.2% of
observations) (Fig. 4). A significant post-feeding increase in preferred
surface temperature was recorded (t6 = 3.22, p = 0.02; paired t-test),
with mean preferred surface temperatures at 34.0 ± 1.1 ◦ C and 37.2 ±
0.9 ◦ C for unfed and fed scorpions, respectively.

3. Results
Random allocation of the scorpions to the two temperature treat
ments resulted in similar mean body mass values (Table 1), thus
simplifying comparisons of energy budget parameters.
Calculated SMR at 30 ◦ C was twofold higher compared with 25 ◦ C
(F1,22 = 21.9, p < 0.001). In contrast, as a result of the higher variability
in dark phase V̇O2 values calculated maximal metabolic rates (MMRs)
did not differ between the two temperature treatments (F1,22 = 2.6, p =
0.12) (Fig. 1).
At 25 ◦ C, the scorpions consumed prey 20.1 ± 1.0% their own body
mass during 5 h, whereas after 4 h of feeding at 30 ◦ C mean prey con
sumption was 24.1 ± 1.2%. Meal energy content (1.914 ± 0.163 and
2.295 ± 0.149 kJ at 25 and 30 ◦ C, respectively) did not differ signifi
cantly between the two treatments (t23 = 1.73, p = 0.10). The increase in
post-feeding oxygen consumption totaled at 4883 ± 480 µl at 25 ◦ C,
significantly lower than the 6879 ± 648 µl increase at 30 ◦ C (t23 = 2.36,
p = 0.03) (Fig. 2). By converting these values to energy expenditure for
food processing and assimilation (0.097 ± 0.009 and 0.138 ± 0.013 kJ,
respectively) and dividing them by meal energy content we calculated
the SDA coefficient (CSDA, %) (McCue, 2006). The SDA coefficient at 30
◦
C (6.1 ± 0.4%) was not significantly different from that at 25 ◦ C (5.2 ±
0.3%) (t-test for arcsine transformed values; t23 = 1.61, p = 0.12). Peak
SDA values, calculated as the maximal light phase V̇O2 increase from
SMR, were significantly higher at 30 ◦ C than at 25 ◦ C (t23 = 2.39, p =
0.03) (Fig. 2). These values were always the first recorded during day 1
light phase, immediately after prey withdrawal. In addition to higher

4. Discussion
This study on post-feeding metabolic response in scorpions adds to
the relatively scarce literature on SDA in arachnids, and terrestrial ar
thropods in general. Pre-feeding metabolic rates reported here confirm
the low rates typical of scorpions (Lighton et al., 2001). Light phase V̇O2
3
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levels representing SMR at 30 ◦ C are comparable to previously reported
values for H. judaicus measured by both stop-flow (Kalra and Gefen,
2012) and flow-through (Gefen, 2011) experimental setups. However,
continuous pre-feeding respirometry for three days revealed a clear
diurnal cycle in V̇O2 , which is often missed during short-term respi
rometry protocols. A clear diel cycle in metabolic rates has been re
ported before in insects (McCue et al., 2016a), spiders (reviewed in
Cloudsley-Thompson, 1987) and other scorpion species, but interest
ingly not in H. judaicus (Gefen, 2011). It should be noted that in that
earlier study on H. judaicus the scorpions were kept under 22D:2L
photoperiod cycles for at least two weeks (Gefen, 2011). It was previ
ously shown that laboratory acclimation to complete darkness in the
wolf spider Lycosa lenta eliminated diel metabolic rhythms (Anderson,
1970), and had species-specific effects in scorpions (Crawford and
Krehoff, 1975). Elevated night-time metabolic rates in scorpions may
explain the 2–3-fold higher metabolic rates measured using doublylabelled water in free-roaming scorpions compared with laboratorymeasured values (King and Hadley, 1979). Diel fluctuations of similar
magnitude in this study, where 1.6 g scorpions were confined to 30 ml
metabolic chambers, suggest that night-time elevated values are not
necessarily related to locomotory activity alone (Tobler and Stalder,
1988), although some movement cannot be ruled out. In fact, the higher
variability of dark phase V̇O2 values is probably indicative of relatively
short bursts of locomotory activity (and recovery) during which oxygen
consumption rate is elevated (Paul et al., 1989). Notwithstanding, these
rhythmic bouts of increased V̇O2 were independent of feeding status and
had to be taken into account for calculation of SDA (Roe et al., 2004).
It is well established that body size and meal size and composition
are major factors influencing the properties of postprandial metabolic
response (reviewed in McCue, 2006; Wang et al., 2006; Secor, 2009).
Similar scorpion mean body mass, identical prey items and feeding
durations which matched feeding rates at the two experimental tem
peratures accounted well for these contributing factors, and thus iso
lated temperature effects on SDA. Our findings indicate that peak SDA
value is higher and SDA duration is shorter at 30 ◦ C compared with 25
◦
C, as has been reported in other ectotherms (McCue, 2006). Controlling
for energy intake allows us to conclude that temperature does not have a
significant effect on the SDA coefficient (CSDA), an index of the efficiency
of prey energy utilization.
Literature data on the relative cost of digestion in terrestrial ar
thropods ranges from 3 to 38% of meal energy content (McCue et al.,
2016a, 2016b). Calculated SDA coefficients reported here for H. judaicus
(Table 1) are at the lower end of this range, but a thorough comparative
analysis of the significance of SDA among the studied species is under
mined by substantial variation in relative meal size and composition,
feeding behavior (e.g. blood meals, leaf chewing and extra-oral diges
tion) and experimental protocols. For example, CSDA values reported
here underestimate the relative cost of digestion in H. judaicus, as prey
consumption and the associated elevation in metabolic rates
commenced hours before the first recorded post-feeding V̇O2 . Missing
data during the first few hours of prey consumption also prevents
determination of the duration from initiation of feeding to peak SDA
response (McCue, 2006; Secor, 2009). Assuming a linear increase (for 5
and 4 h at 25 and 30 ◦ C, respectively) from SMR to peak SDA response
recorded here results in CSDA values of 5.7% (25 ◦ C) and 6.4% (30 ◦ C). It
has to be noted that peak SDA values recorded in this study do not ac
count for the active crushing of prey exoskeleton and tissues by the
chelicerae and for the cost of extra-oral digestion. Considering the hourslong prey ingestion, peak SDA values during that time may be higher
than reported here. Nevertheless, even doubling the estimated energy
expenditure for prey consumption during these early stages still yields
low CSDA values compared with many other arthropods (McCue, 2006;
Secor, 2009; McCue et al., 2016a, 2016b), and the 19–29% range re
ported for spiders (Jensen et al., 2010; Overgaard and Wang, 2012).
Starvation and refeeding affect gastrointestinal (particularly

Fig. 2. Post-feeding oxygen consumption rates (V̇O2 ; means ± s.e.m.) in adult
H. judaicus at 25 (A; N = 11) and 30 ◦ C (B; N = 14). Horizontal dashed lines
represent mean SMR values and shaded blue and red areas represent mean total
SDA (and the logarithmic decline of SDA) at 25 and 30 ◦ C, respectively. Shaded
grey areas and dark sections of the horizontal bars refer to the dark phases
(18:00–04:00 h). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Table 1
Summary of mean (±s.e.m.) energy gain, expenditure and utilization values
across the two experimental treatments. Significant differences are marked with
asterisks.
N
Body mass (g)
SMR (µlO2∙g− 1∙h− 1)
MMR (µlO2∙g− 1∙h− 1)
1
Maximal time for feeding
(h)
Prey consumed [g (kJ)]
SDA (kJ)
CSDA (%)
2
Peak SDA
(µlO2∙g− 1∙h− 1)
SDA duration (h)

25 ◦ C

30 ◦ C

11
1.602 ± 0.131
24.9 ± 1.6*
94.4 ± 15.2
5

14
1.634 ± 0.096
49.9 ± 3.9
122.6 ± 11.4
4

0.326 ± 0.028 (1.914 ±
0.163)
0.097 ± 0.009*
5.2 ± 0.2
111.6 ± 7.3*

0.391 ± 0.025 (2.295 ±
0.149)
0.138 ± 0.013
6.1 ± 0.4
133.3 ± 7.0

144.7 ± 3.3*

130.3 ± 3.1

1

Scorpions in both treatments responded quickly to prey presentation, and
mostly started consuming immediately.
2
Peak SDA calculated as the difference between maximal light phase V̇O2 and
SMR.
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Fig. 3. Mean (±s.e.m.) post-feeding dark-phase elevations in oxygen consumption rates (V̇O2 ; means ± s.e.m.) in adult H. judaicus at 25 (blue; N = 11) and 30 ◦ C
(red; N = 14). Values were calculated for individual scorpions each night as the difference between the three highest recorded values and the corresponding values
along the logarithmic SDA curve. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mucosal) mass in both endothermic and ectothermic vertebrates
through hypotrophy/hypoplasia and hypertrophy/hyperplasia, respec
tively (Lignot, 2012). It was shown that fasting duration did not affect
SDA coefficient in pythons (Overgaard et al., 2002), and that the overall
cost of gastrointestinal growth following a meal in reptiles is low, but
that digestion rate in frogs was slower after estivation compared with a
subsequent meal (Wang et al., 2006). The marked morphological plas
ticity of the gastrointestinal tract in vertebrate infrequent feeders, such
as anurans and reptiles, is also evident in scorpions. The hepatopancreas
consists of five pairs of mesosomal glands, the cells of which serve for
enzyme synthesis and storage of food material (Hjelle, 1990). The

scorpion hepatopancreas can vary in size considerably according to
nutritional state and reproductive cycle (Warburg et al., 2002). This
variability is best observed in pale-cuticle species, where the dark
hepatopancreas is reduced and restricted to the mesosoma following
extended starvation, whereas it extends into the first metasomal
segment following feeding (SI 3). This increase in metabolizing tissue
mass could explain the observation that postprandial metabolic rates do
not return to baseline (SMR) levels (Fig. 2) (McCue, 2006). In this study,
the scorpions were fed 1 week before determination of SMR. It is
possible that SDA would be more pronounced in starved scorpions,
possessing reduced hepatopancreas.

Fig. 4. Frequency distribution of surface-temperature choice of adult H. judaicus (N = 7) along the thermal gradient arena before (open bars) and after (filled
bars) feeding.
5
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Postprandial thermophily has been reported for a variety of poiki
lothermic vertebrates, and also in a number of hematophagous insect
species (Lazzari, 1991; Guarneri et al., 2003; Minoli and Lazzari, 2003;
McCue et al., 2016a). Our findings (Fig. 4) indicate that this behavioral
response to feeding may be common among terrestrial arthropods in
general. Moreover, it appears that post-feeding choice of higher ambient
temperatures may result from temperature effects on peak SDA values
and dynamics of its gradual decay (and consequences to the scorpion’s
fitness) rather than a direct consequence of the total cost of digestion.
Peak post-feeding V̇O2 values are higher than dark-phase MMR before
and after feeding (Table 1; Fig. 1, 2), implying a substantial aerobic
demand for digestion. Post-feeding nocturnal elevations in V̇O2 are
initially depressed at 30 ◦ C before recovering to pre-feeding values
within 7 days when SDA has subsided (Fig. 2b, 3), suggesting that
satisfying the metabolic needs of digestion may come at the expense of
nocturnal activity. This activity has been shown to include sporadic
bouts of locomotion and extended periods of higher alertness, when
scorpions are more responsive to stimuli (Tobler and Stalder, 1988).
Despite the reported low overall cost of digestion, scorpions may be
limited in their ability to simultaneously maintain the metabolic needs
of SDA and increased levels of nocturnal activity. Scorpion locomotion is
largely based on anaerobic catabolism (Prestwich, 2006), but oxygen
consumption is elevated during subsequent recovery (Paul et al., 1989)
which may limit exercise and alertness when rates of post-feeding
resting V̇O2 are high. Interestingly, post-feeding dark-phase V̇O2 ele
vations are characterized by continuous decrease at 25 ◦ C (Fig. 2a, 3).
The absence of their recovery within the time-frame of our experimental
protocol may reflect longer-term constraints on nocturnal activity,
although we cannot determine whether locomotion or digestion is given
priority during post-feeding dark phases (Hicks and Bennett, 2004).
While post-feeding exercise resulted in additive V̇O2 components in
some vertebrates (Secor, 2009), it is possible that the metabolic de
mands of digestion, exercise and/or sensory responsiveness are con
strained by the oxygen transport capacity of the scorpion open
circulation. Faster food processing at higher temperatures, perhaps even
at the expense of higher SDA, could be advantageous in quickly restoring
the ability to actively forage in these infrequent feeders, whose surface
activity is influenced by the lunar cycle and is largely limited to
moonless nights (Warburg and Polis, 1990).
Extra-oral digestion and potential variation in venom use complicate
attempts to quantify SDA in scorpions. As mentioned above, we started
V̇O2 measurements after meal ingestion as has been done in previous
studies on SDA in spiders (Jensen et al., 2010; Overgaard and Wang,
2012; but see Nespolo et al., 2011). Venom use and re-synthesis, and
thus their metabolic cost which contributes to SDA also vary (Nisani
et al., 2007, 2012; Evans et al., 2019). Some species use the sheer force
of their sizeable pedipalps to subdue their prey (e.g. Scorpionidae),
whereas others (including Buthidae) have slender pedipalps and rely on
their potent venom. Venom use also depends on relative prey size and on
prey activity as it struggles to escape from the scorpion’s grasp
(McCormick and Polis, 1990; Evans et al., 2019). As a result, scorpions
use their venom economically to subdue their prey rather than for killing
it (Evans et al., 2019), and thus prey consumption could start when it is
still alive. This could further complicate attempts to quantify SDA by
introducing both the scorpion and its prey to a metabolic chamber
(Nespolo et al., 2011). In fact, although many scorpions orient their prey
so it is consumed head first (McCormick and Polis, 1990), abdominal
ventilatory movements in insect prey can be observed long after its
stinging and immobilization, and even after its head had been consumed
(Gefen, pers. obs.).
In conclusion, this study indicates that energy expenditure for
digestion is relatively low in scorpions compared with other predacious
terrestrial arthropods, which could represent an adaptation to low and
unpredictable prey availability of these sit-and-wait predators. Although
the low CSDA appears to be fixed across their preferred temperature

range, temperature effects on SDA dynamics, coupled with a limited
aerobic scope, may have contributed to the evolution of post-prandial
thermophily in scorpions.
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