
van’t Hof & Fincke Novel hatching cue in Megaloprepus

153International Journal of Odonatology │ Volume 26 │ pp. 153–163

International Journal of Odonatology
2023, Vol. 26, pp. 153–163
doi:10.48156/1388.2023.1917223

Research Article

 OPEN ACCESS
This article is distributed  

under the terms of the  
Creative Commons  
Attribution License,  

which permits unrestricted use,  
distribution, and reproduction in 

any medium, provided the original 
author and source are credited.

Published: 8 November 2023 
Received: 10 August 2023 

Accepted: 29 October 2023

Citation:
van’t Hof & Fincke (2023): 

Novel hatching cue in the neo-
tropical damselfly Megaloprepus 

caerulatus: larval adaptation  
and maternal constraint. 
 International Journal of  

Odonatology, 26,  
153–163 

doi:10.48156/1388.2023.1917223

Data Availability Statement:  
All relevant data not within the 

paper are available upon request.

Novel hatching cue in the neotropical damselfly 
Megaloprepus caerulatus:  

larval adaptation and maternal constraint

Arjèn E. van’t Hof a,b & Ola M. Fincke c*

a Department of Biology, University of Groningen, 9700 Groningen, The Netherlands
b Biology Centre of the Czech Academy of Sciences, Institute of Entomology,  
370 05 České Budějovice, Czech Republic; Email: arjenvant.hof@entu.cas.cz

c Department of Biology, University of Oklahoma, Norman OK, USA
* Corresponding author: Email: fincke@ou.edu

 
Abstract. The evolution of sibling cannibalism as a maternal strategy is particularly challeng-
ing to explain when nurseries are shared among multiple females. Such is the case for the 
damselfly, Megaloprepus caerulatus, whose females lay eggs in bark above the water line 
in large, water-filled tree holes. Asynchronous egg hatching appears to be a maternal bet-
hedging strategy to increase the chances that cannibalistic offspring hatch during windows 
of opportunity, which occur after the remaining large larvae emerge, having eaten all others. 
We investigated the proximate causes of asynchronous hatching. By monitoring the pattern 
of egg hatching under ambient temperature in an insectary, we found that egg hatching co-
occurred with lower ambient temperatures, which decreased with increasing rainfall. Treat-
ing fully developed eggs to a lower temperature for two hours triggered increased hatching 
relative to controls at ambient temperature. Dissection of control clutches indicated that 
embryonic development of siblings was asynchronous. Results suggested that the hatching 
trigger is adaptive. Rainfall assures a recharge of the larval habitat with water and provides 
wet conditions essential for neonate mobility on bark. Only 40% of neonates in a 4-day dry-
ing treatment survived; none survived the 8- and 14-day treatments. This novel hatching 
trigger should increase the number of neonates entering the nursery after rains, constrain-
ing a mother’s control over the timing of egg hatch, while increasing the competition among 
related and unrelated offspring for limited windows of opportunity in the shared nursery. 
Key words. Dragonfly, cannibalism, embryonic development, maternal effect, phytotel-
mata, sibling cannibalism

Introduction 

Sibling cannibalism most commonly occurs in species whose females oviposit in 
discrete patches such as nests, host plants or prey species (e.g., in vertebrates, 
Fitzgerald & Whoriskey, 1992; Kam et al., 1998; Stanback & König, 1992; in inver-
tebrates, Baur, 1993; Kudo & Nakahira, 2004; Liebig et al., 2005; Osawa, 2002). 
Because mothers that minimize sibling cannibalism can increase their fitness (e.g., 
Iida, 2003; Mukai et al., 2017), determining any maternal selective advantage of 
such cannibalism can be challenging (Hamilton,1964; Schausberger & Hoffman, 
2008). Adaptive sibling cannibalism or siblicide is most apparent when maternal 
behavior promotes such behavior, as in ladybird beetles (e.g., Michaud & Grant, 
2004) and some birds (e.g., Mock & Parker, 1997; Polis, 1981). When multiple fe-
males share the nursery, the adaptive advantage of sibling cannibalism becomes 
more difficult to explain. Then, cannibalism by unrelated individuals dilutes the ad-
vantage of sibling cannibalism. For example, when multiple female burying beetles 
are recruited to the same carcass, earlier hatching can give unrelated larvae an ad-
vantage (Eggert & Müller, 2000). Additionally, external, abiotic factors that trigger 
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egg hatching, as is commonly found in aquatic insects 
(e.g., Elliott, 1995; Livdahl, 1982), should further erode 
maternal control over hatching. 

An extreme case of a shared nursery occurs in the 
neotropical helicopter damselfly, Megaloprepus caeru-
latus (Drury, 1782), whose females lay eggs in water-
filled tree holes, where their larvae are top predators 
(Fincke, 1992a,b). These reproductive resources form 
in burls or branch break offs of upright, living trees or 
in fallen trees whose indentations in the bark fill with 
water. Mosquito larvae are the most common food in 
these nurseries (Fincke et al., 1997) but larger prey are 
preferred, and cannibalism is the main source of larval 
mortality (Fincke, 1994). Large holes of a liter or more 
in volume can produce several cohorts of a few adults 
over a wet season and are commonly controlled by ter-
ritorial males that sequentially control access to these 
reproductive resources (Fincke, 1992a). Females come 
to defended holes to mate and lay their eggs, which 
they insert into moist tree hole bark about a cm above 
the water level (Fig. 1a–c). Note that before egg-laying, 
females and even males when inspecting a territory, of-
ten put their abdomens in the water as if testing for 
its presence. In contrast, Young (1980) assumed such 
females were laying eggs, and mistook as female a male 
M. caeru latus that exhibited the same behavior (Young, 
1981). Newly hatched larvae, hereafter termed neo-
nates, are confronted with variable conditions that nei-
ther they nor territorial males or egg-laying females can 
predict. Estimates of parental fitness under semi-nat-
ural conditions indicated that the number of offspring 
surviving in large holes was not correlated with the 
number of eggs laid by a female nor the number fertil-
ized by a male (Fincke & Hadrys, 2001). Rather, the best 
predictor of parental fitness was the degree of hatch-
ing asynchrony, defined as the span of days over which 
eggs in a clutch hatched. Thus, asynchronous hatching 
in M. caerulatus is considered a maternal bet-hedging 
strategy to optimize offspring survivorship. After con-
suming the smaller larvae, the few remaining large 
larvae leave the nursery to emerge. Their absence cre-
ates a temporary window of opportunity during which 
time neonates entering the nursery have a chance of 
surviving to emergence. Such windows vary unpredict-
ably across time, dependent as they are on the tim-
ing of previous ovipositions (Fincke & Hadrys, 2001) 
and the developmental rate of larvae (Fincke, 1992b). 
Somewhat analogous situations occur in more com-
mon aquatic systems with size-mediated priority effects 
(e.g., Raczyński et al., 2022; Sniegula et al., 2013). 

Here, we investigate the heretofore unknown proxi-
mal causes of hatching asynchrony in M. caerulatus and 
its consequences for maternal egg-laying strategies. 
Previous work (Fincke, 2011; Fincke & Hadrys, 2001) 
revealed that eggs kept in an outdoor insectary often 
hatched after a heavy rainfall (O.M. Fincke, personal 
observation). Because those eggs were kept submerged 
in water, moistening by rain could not have been the 
proximate hatching cue. However, an obvious effect of 

Figure 1. Before a female Megaloprepus caerulatus oviposits 
into the bark of a water-filled tree hole she typically: (a) first 
inserts her abdomen into the water before (b) laying her eggs 
about 2 cm above the water line, during which she inserts 
her ovipositor into the bark, expelling eggs (c), one at at time. 

rainfall is a decrease in ambient temperature, which we 
here hypothesize is the proximate cue for egg hatching. 
We test this hypothesis in two ways: (1) indirectly, by 
quantifying hatching events along with the correspond-
ing ambient temperature, and (2) directly, by experi-
mentally lowering ambient temperature of embryos in 
the final stage of development. 

To understand how a possible abiotic, proximal 
hatching stimulus interacts with patterns of embry-
onic development that are likely under female control 
as maternal effects (e.g., Bernardo, 1996; Mousseau 
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& Fox, 1999), we ask whether asynchronous hatching 
within a clutch is caused by asynchronous development 
of embryos that hatch upon completing development 
(Fig. 2a) or whether embryos develop synchronously, 
followed by variation in response to hatching stimuli 
(Fig. 2b). Finally, to determine the adaptive value of the 
hatching cue, we determine how long neonates can sur-
vive while moist, and test the hypothesis that wet bark 
increases the probability that a neonate reaches the 
water-filled nursery before dying. Because the number 
of neonates that compete for a given window of oppor-
tunity should depend on the number of developed eggs 
present along with any abiotic conditions that trigger 
the hatching eggs, we discuss the implications of the 
novel hatching trigger we found for the maternal strat-
egy of egg-laying in this shared nursery. 

Materials and methods

The research was conducted in the lowland tropical 
moist forest of Barro Colorado Island (hereafter, BCI), 

which is located in Gatun Lake in the Panama Canal, 
part of Panama’s Sobrania National Park. BCI’s climate 
is characterized by a wet season from May to Decem-
ber with an average of 294 mm rain per month and 
88.4 mm during dry season months, January–April. 
The incidence of daily rains typically begins to de-
crease in December, becoming lowest between Janu-
ary and April. The lowest maximum temperatures are 
in November, rising steadily over dry season until April. 
(Windsor, 1990). Whereas most of the current research 
was done from July–November 1999, we included un-
published relevant data generated from the same stan-
dardized methods in earlier years as noted. 

Determining the pattern of egg hatching under ambi-
ent conditions

To quantify the effect of natural temperature variation 
on hatching patterns, we collected M. caeru latus fe-
males at territories where males defended large artifi-
cial tree holes (6–8 l. in volume, see Fincke, 1992a for 
details). We caught females that had not yet oviposited 

Figure 2. Hypothesized embryonic development for Megaloprepus caerulatus that could explain the observed, asynchronous 
hatching patterns: (a) staggered embryonic development after which eggs hatch when embryos are fully developed; (b) direct 
development of embryos after eggs are laid, but hatching is triggered by abiotic stimulus; (c) combination of staggered embry-
onic development coupled with a hatching stimulus that influences the hatching time of hatch-ready embryos. 
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at a site and individually marked them with a number 
on the fore wing and put each individually in a small 
cage with a moistened coffee filter as an oviposition 
substrate, on which had been noted female ID and date. 
Several hours later, we put the filter paper with eggs in 
its own plastic jar with 250 ml water and placed it in 
an outdoor insectary shielded from direct sunlight. Be-
ginning 14–17 days after the oviposition date, typically 
each morning, but at times after 2–3 days, we checked 
jars for neonates, which were removed. We recorded 
the day of first hatch within each clutch and the number 
of neonates appearing on each day, typically for 60–67 
days. In 1999, the clutches followed were manipulated 
as described below. Thus, to quantify the general pat-
tern of egg hatch at the same study site, we used un-
published data on 61 unmanipulated egg clutches, each 
from a unique female, which had at least 75% hatching 
success collected via the above method during 1994–
1998 (Fincke, 2011; Fincke & Hadrys, 2001). To quantify 
the extreme tail end of the hatching distribution, from 
July 1997 through February 1998, egg clutches were 
checked for neonates over a span of 185 days.

Tests of hatching trigger hypothesis

To test the probability that low natural temperatures 
were accompanied by rainfall, we measured daily mini-
mum temperature from June–October, 1999 in the in-
sectary with a ± 0.5°C accuracy thermometer, which 
stored the extreme temperature values until it was re-
set daily between 8 am and 10 am. Temperature data 
earlier than 1999, and all rainfall data, monitored hour-
ly and daily, respectively, are those recorded from the 
BCI weather station, about 150 m from the insectary. 
We accessed those data electronically. 

We indirectly tested the hypothesis that lower am-
bient temperatures increase natural hatching using 19 
clutches that were laid in the insectary between 9 Oc-
tober, 1996 and 15 February, 1997 and that had at least 
75% hatching success. To be sure of the actual hatch 
day, we defined “solitary hatching days” as those on 
which eggs in a clutch hatched after at least four days of 
inactivity. We tested whether the mean minimum tem-
perature on the days of solitary hatching differed from 
the mean minimum temperature of the overall period 
between the October and February dates. 

We tested the temperature hatching stimulus direct-
ly using egg batches for testing that we removed ran-
domly from clutches, keeping the remainder of the egg 
clutches in the insectary under ambient temperature to 
use as controls. We exposed a test batch to a decreased 
temperature of 22.3 ± 0.5°C for two hours, the temper-
ature range that corresponded with the coldest days 
outdoors. Those eggs were not pre-selected for the fi-
nal embryonic developmental stage, which was not vis-
ible through the chorion and could only be determined 
after dissection or inferred from hatching. However, the 
eggs were all at least 20 days old to assure that hatch-
ready embryos were present. Furthermore, for analy-

sis we used only trials with at least five treatment and 
seven control eggs. Eggs that did not hatch after two 
hours of cold exposure were dissected to determine 
their embryonic stage. For subsequent cold treatment 
replicates we used the undisturbed control eggs from 
unique clutches that had a sufficient number of mature 
eggs remaining. 

The number of fully developed embryos in a cold 
treatment batch is the number of hatched eggs plus 
the number of dissected, final-stage eggs (stage 6, fully 
developed; see below). We used the empirically estab-
lished proportions of fully developed eggs in the treat-
ment groups to predict the number of fully developed 
eggs in the control groups. Finally, we tested the null 
hypothesis that a temperature drop has no effect on 
hatching using Chi-Square based on hatched treatment 
eggs, unhatched but fully developed treatment eggs, 
hatched control eggs, and the expected number of fully 
developed control eggs, calculated using the known 
treatment variables.

Additionally, if a temperature decrease caused by 
rainfall is a proximal trigger for hatching, we expected 
that relative to the hatching spans in wet season, those 
in early dry season should be shorter, decreasing as the 
incidence of rains decreases, but before adults become 
non-reproductive in March. Using 61 clutches, each 
produced by one of 61 unique females (1995–1998 
data), we compared hatching span and egg clutch size 
between wet season (May–November) and early dry 
season (December–February) with a generalized linear 
model (Genmod) in SAS v. 9.1 (SAS Institute Inc., Cary 
NC, USA) with a Poisson distribution. 

Testing patterns of embryonic development

We opportunistically determined the timing of embry-
onic development within a given clutch across time us-
ing the eggs that did not hatch during the experimental 
cold treatments described above. We were unable to 
follow development within the first 10 days after ovipo-
sition because the vitelline envelopes of such eggs were 
so weak that they broke from the slightest contact, re-
leasing a jelly-like substance. Thus, for older eggs, we 
removed the exo- and endochorion of the egg using dis-
secting needles and observed the embryo under a 40× 
magnification dissecting microscope, assigning it to one 
of six embryonic stages (after Siva-Jothy et al.,1995):
1: no development, egg transparent yellow
2: small embryo visible, no segmentation
3: embryo occupies ⅓–½ egg-space, beginning of seg-

mentation
4: beginning of eyespot formation
5: medium eyespot visible
6: large eyespot / fully developed / final stage.

To test whether embryonic development was syn-
chronized or asynchronous, we calculated the num-
ber of the above stages seen within the clutch of each 
unique female on each observation date. We assumed 
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that if embryo development within clutches was syn-
chronized, there would be at most only a few devel-
opmental stages represented per check. In contrast, 
unsynchronized embryonic development should reveal 
persistent, multiple stages represented per check, re-
sulting in a positive correlation between the number of 
development stages and numbers of checks for a given 
clutch. 

 
Tests of drying on neonate survival and mobility 

To examine the ability of neonates to withstand drying, 
three sets of 10, 0–1-day old larvae were individually 
placed in containers between two layers of six leaves 
that had just been soaked for 30 minutes and then 
drained. These were then placed in an outdoor insec-
tary under natural photoperiod and temperature and 
shielded from rain. We scored the number of surviving 
larvae after 4, 8, and 14 days. Using the same design as 
that used for larger larvae in an earlier study (Fincke, 
1994), we dried any 1-day-old larvae that were still 
alive after a check and repositioned them under leaves 
for further drying. This was not feasible with 0-day old 
neonates because larvae of that size can only be found 
after soaking the leaves in water, thereby disrupting the 
continuity of the drying process. Note that the above 
larvae became older but remained in their original de-
velopmental stage since they could not eat or molt. 

To test the hypothesis that neonates are capable 
of reaching the water level in the absence of rain, we 
partly submerged a piece of bark by standing it in a tub 
of water for a week, under normal air humidity condi-
tions but protected from rain and direct sunlight such 
that an undisturbed, vertical moisture gradient formed 
by upward capillary movement and evaporation. To 
measure the effect of this moisture gradient on mobil-
ity, we dried neonates on a coffee filter and positioned 
them individually on the piece of bark at 1, 2, 2.5, 3, 
3.5 or 4 cm above the water level, using five replicates 
for each height. Height above two cm simulated cases 
when, between oviposition and hatching, tree hole 
volume is reduced, such as occurs with evaporation 
between rains, mammals drinking from the hole, and 
similar disturbances (e.g., De La Rosa & Ramirez, 1995), 
increasing the distance the neonate must traverse to 
reach the nursery. We measured the time required for 
a neonate to reach the water level from a given height, 
ending each run after a maximum of 15 minutes. Ad-
ditionally, we explored how bark conditions, such as 
occurs during or just after a rain, affect the ability of 
neonates to reach the nursery. Using a 40× magnifica-
tion dissecting microscope, we noted the mobility of 
neonates on: (1) dry, unsubmerged bark with no water 
added, (2) moist bark, made by pouring water on the 
bark and allowing it to dry briefly, and, (3) wet bark, 
made by pouring water on the bark immediately before 
releasing the neonate. Neonates used for this work 
were only seconds old, having just been hatched in the 
temperature-lowering experiment described above. 

Unless specified otherwise, statistical tests were 
done in R, version 1.0 (R Core Team, 2000). Through-
out, t-tests are two-tailed unless noted and means are 
presented with ± s.e. 

Results
Pattern of egg hatching under ambient conditions

For pooled clutches with at least 75% hatching success, 
the percentage of eggs that hatched (Y) per day after 
first hatch (X) under ambient temperature in the in-
sectarium decreased exponentially as described by Y = 
9.2495 × e−0.1060X, p < 0.0001 (Fig. 3). Day of first hatch 
varied between 14 and 30 days after oviposition, on av-
erage 20.69 ± 3.6 days post-oviposition. After the day 
of first hatch, on average, 10.06% of the remaining eggs 
hatched daily. Of the 61 total clutches, 36 (59%) were 
checked for 180 days. Six of these had hatching spans 
of over 90 days. The greatest span was 146 days; maxi-
mum hatching span in the total sample was 181 days 
but in a clutch with only 70% hatching (this was exclud-
ed from Fig. 3). Hatching span was not correlated with 
clutch size measured as eggs or neonates; for both, r = 
0.050 (p = 0.70, n = 61).

Tests of hatching trigger and seasonal effects

There was a negative relationship between amount 
of daily rainfall (X) and temperature (Y) (linear regres-
sion Y = -0.0080X + 24.17, p = 0.002, Fig. 4). Similarly, 
the slope during the solitary hatching study below was 
-0.014, p < 0.05. 

The minimum temperature on the 30 solitary hatch-
ing days when neonates emerged after at least four 
days of hatching inactivity within a clutch (mean = 
23.86 ± 0.15°C; range, 22.4–25.6°C), was significantly 
lower than the minimum temperature over the entire 
130-day span (mean = 24.13 ± 0.00°C, one-tailed test, 
t = 1.826, p < 0.05). 

In the temperature reduction experiment, only a 
single egg hatched in the control group, whereas 24 
eggs hatched in the much smaller treatment group 
(Table 1). Adjusting the numbers to represent only fully 
developed embryos indicated that 24 out of 88 eggs 
hatched after cold treatments whereas only one out of 
the calculated expectancy of 588.5 control individuals 
hatched. Assuming that 1/588.5 = 0.0017 (0.17%) was 
the normal hatching rate during these 2-hour experi-
ment windows gives a Chi-Square p-value of < 0.0001. 
When considering all eggs, including those that were 
not fully developed, the Chi-Square p-value remains 
< 0.0001 based on 24 out of 188 treatment hatchings 
and 1 out of 1276 control hatchings. Both calculations 
rejected the null hypothesis that temperature has no 
effect on egg hatch. Eggs hatched between 40 min-
utes and two hours after the end of the cold stimulus, 
whereas none of the control eggs hatched before day 
21. Note that although a total of 132 eggs hatched dur-
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ing the cold treatment, dissection of the unhatched 
control eggs revealed that not all were in the final de-
velopment stage, thus reducing the hatched cold treat-
ment eggs that could be used for analysis to 24. 

In early dry season (December–February), the span 
over which eggs in a clutch hatched (mean = 41.3 ± 6.98 
days, n = 17) was shorter than the hatching span in wet 
season (May–November, mean = 58.7 ± 4.90 days, n = 
44; Wald X² = 66.75, p < 0.001). There was no difference 
in clutch size between early dry season (mean = 90.47 ± 

1.0 eggs) and wet season (mean = 117.89 ± 14.11 eggs, 
Wald X² = 0.20, p = 0.65).

Embryonic development

There was a positive correlation between the check 
number (i.e., first, second, etc.) and the number of de-
velopmental stages present within eggs in a clutch on a 
given check (r = 0.67, n = 16, p = 0.005, Fig. 5). Whereas 
some embryos appeared synchronized up to stage 4, 

Figure 3. Hatching asynchrony of pooled, Megaloprepus caeru latus clutches with ≥ 75% hatching success, each laid by a 
unique female between May and February (1995–1998). Arrows indicate days of extreme hatches. 

Figure 4. The relationship between rainfall and daily mini-
mum temperature in the outdoor insectary between July 22 
and October 31, 1999.

Figure 5. Maximum embryonic stages detected by dissec-
tion of unhatched control eggs on opportunistic checks of 16 
Megaloprepus caerulatus clutches used in the lowered tem-
perature experiment. Excluded were two clutches that had no 
embryos on any check because females likely lacked sperm.
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characterised by faint traces of pigmented ommatidia, 
others in the same clutch remained undeveloped. The 
first embryos to appear fully developed was on day 17 
post-oviposition. Embryos in some eggs had yet to be-
gin their development by day 53. 

During hatching, as viewed under the dissection mi-
croscope, embryos appeared to increase their body 
volume by swallowing fluids. The outer egg layers split 
open at the side of the micropylar process by a strong 
increase in size of the elastic vitelline envelope. As soon 
as this stage was reached, the head, thorax, and part of 
the abdomen became visible; swallowing movements 
of the pharynx could be clearly seen. These movements 
continued until the vitelline membrane burst and the 
neonate appeared shortly thereafter. The prolarva 
moult occurred simultaneously with hatching; the first 
exuvia remained attached to the eggshell. 

Effects of drying on neonate survival and mobility 

In the drying experiment, only four out of ten neonates 
survived a drying period of four days. All 1-day old lar-
vae were dead after eight days, with the exception of 
one that survived 14 days. Maximum lifespan of neo-

nates under dry conditions could have varied between 
five and eight days. 

The naturally moist bark above the water line in-
creased neonate mobility in reaching the water (Ta-
ble 2). The water in the bark had reached a height of 
3.5 cm above the water level by capillary dynamics. 
The maximum distance from which neonates were able 

Table 1. Megaloprepus caerulatus egg hatch of fully developed eggs during cold treatment versus controls. Clutch IDs cor-
respond to ID number of egg-laying females. Egg age is days since oviposition. Cold treatment columns: Total = eggs exposed 
to 2-hour cold treatment; Hatched = number of cold-treated eggs that hatched; Unhatched fully dev. = unhatched eggs with 
fully developed embryos; Fully dev. total = sum of the two previous columns. Proportion fully dev. is ‘fully dev. total’ divided by 
‘total exposed eggs’ (i.e., proportion of eggs that were fully developed at the time of the experiment, used to calculate the ex-
pected fully developed embryos in the control group). Control columns: Total = number of eggs kept at ambient temperature; 
Hatched (ambient) = number of control eggs that hatched; Estimated fully dev. controls = expected number of fully developed 
embryos present based on proportions in treatment groups. The most relevant values are in bold.

Cold treatment Control (ambient temperature)

Clutch 
ID

Egg age 
(days)

Total 
eggs

Hatched 
eggs 

Unhatched 
fully dev. eggs

Fully 
dev. total

Proportion 
fully dev.

Total  
eggs

Hatched 
eggs 

Estimated fully 
dev. controls

63 20 10 0 2 2  0.200 134 0 26.800
62 20 13 0 7 7  0.538 181 0 97.462
32 21 7 0 5 5  0.714 163 0 116.429
67 23 5 5 0 5  1.000  7 0 7.000
62 23 9 0 2 2  0.222 136 0 30.222
69 23 12 3 4 7  0.583  80 0 46.667
49 24 5 0 4 4  0.800  24 0 19.200
65 24 6 0 3 3  0.500  98 0 49.000
72 27 13 3 3 6  0.462  57 0 26.308
62 28 16 0 6 6  0.375  87 0 32.625
63 28 33 3 10 13  0.394  94 0 37.030
53 29 11 2 5 7  0.636  84 0 53.455
39 31 5 1 1 2  0.400  9 0 3.600
53 35 14 0 2 2  0.143  54 0 7.714
69 37 5 1 2 3  0.600  9 0 5.400
62 37 14 5 2 7  0.500  18 1 9.000
53 40 5 0 2 2  0.400  34 0 13.600
53 60 5 1 4 5  1.000  7 0 7.000

SUM 188 24 64 88 1276 1 588.5

Table 2. Time required by Megaloprepus caerulatus neo-
nates to reach the water level from different distances 
above the water line on bark with a vertical moist gradient. 
n = 5 replicates for each treatment. Dist. = distance from  
water level; Mean time = mean time (and range) to reach 
water level.

Dist. Mean time Failures 

1 cm 0.57 min. (39–83 sec) 
2 cm 4.15 min. (169–424 sec)
2.5 cm 5.57 min. (246–251 sec)
3 cm > 15 min. (> 446 sec) 3/5 never reached water
3.5 cm 5/5 were immobile 
4 cm 5/5 were immobile
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to reach the water surface was 3 cm, when two out of 
five larvae did not get stuck. On completely dry bark, 
the legs of neonates stuck to the body. These neonates 
made body motions that we interpreted as attempts 
to move towards the larval habitat, but they were im-
mobile, remaining stuck in the same position. On moist 
bark, neonates moved only peristaltically whereas on 
wetted bark they walked in a layer of water, accompa-
nied by peristaltic abdominal movements. 

  

Discussion

Our results demonstrated a novel hatching stimulus 
within the order Odonata. As predicted if a drop in am-
bient temperature spurs egg hatch, both the lower tem-
peratures on solitary hatching days and the more direct 
experimental lowering of ambient temperature (Table 1) 
indicated that embryos that had achieved hatching 
readiness delayed hatching until triggered by exposure 
to low temperatures. In his review of hatching cues for 
Odonata, Corbet (1999) found none that included a de-
crease in temperature. Known triggers include photope-
riod, temperature increase, and water addition (Cham, 
1992; Sawchyn & Gillot, 1974; Tennessen & Murray, 
1978; Waringer & Humpesch, 1984; Wesenberg-Lund, 
1913). Adaptive triggers for hatching appear to be the 
norm for Odonates. For example, for some dragonflies 
that lay eggs in riverbanks above the water level, hy-
poxia, the hatching trigger for eggs, signals that the eggs 
have become submerged (Miller, 1992; Punzo, 1988). 
The best-known adaptive trigger in Odonata is higher 
temperature that terminates egg diapause, primarily in 
temperate species (reviewed by Corbet, 1999). 

Because drying had a severe negative effect on sur-
vival of neonates and 1-day old larvae, the hatching 
trigger for M. caerulatus also appears to be adaptive. 
Temperature decrease acts as a proxy for natural rain-
fall (Fig. 4). Synchronisation of hatching with rainfall of-
fered two primary benefits for larval survivorship. First, 
it allows neonates to move to the aquatic habitat. No 
neonate in our natural bark experiment traversed more 
than 3 cm before dying (Table 2). Initially, the distance 
between eggs and water level is relatively small due 
to the oviposition behaviour of the female, although 
by the time the egg hatches that distance could be 
decreased by rainfall or increased by evaporation, co-
atimundis and monkeys drinking from the hole, and/
or abiotic disturbances. Wetness of the bark, as oc-
curs during rains, is essential for a neonate to reach the 
treehole because there is no extended prolarval stage 
such as in lestids that lay eggs in plants far from water 
(e.g., Jones, Cham, 2021; 1978). Consistent with rainfall 
indirectly triggering egg hatch via lower temperatures 
is our finding that hatching spans were significantly 
shorter in early dry season. Then, fewer rains should 
result in fewer hatching triggers compared to wet sea-
son. Additionally, the higher temperatures of dry sea-
son (Windsor, 1990), should shorten development time 

of embryos and larvae (e.g., Raczyńsk et al, 2022). This 
coupling of dry season effects, independent of any ma-
ternal effects, should promote the emergence of off-
spring before the nursery dries completely. In contrast 
with the co-occurring Mecistogaster linearis, which ovi-
posits in tree holes typically at the end of the wet sea-
son, eggs of Megaloprepus caerulatus do not survive 
the dry season, during which nearly all tree holes dry 
out completely (Fincke, 1992b).

The second benefit of hatching after a rain is increased 
survivorship, as neonates are much more sensitive to dry 
conditions compared to larger larvae. The maximum 
lifespan of neonates in the drying experiment was be-
tween four and eight days. In contrast, larvae with a body 
length of 22.7 mm, which are about two months old, can 
survive drying under leaves for at least two weeks (mean 
survival time 23.9 ± 1.3 days, Fincke, 1994). An interest-
ing contrast are the tree-hole-dwelling larvae of the li-
bellulid Lyriothemis cleis in southeast Asia; half-grown in-
dividuals can survive complete drying in air for four days 
before being completely revived by water (Orr, 1994).

We found that both synchronous and asynchronous 
embryo development (Fig. 2c) explains the observed 
hatching pattern (Fig. 3). Once laid, a majority of eggs 
exhibited direct development, reaching the final stage 
of development and typically hatching within 18 to 25 
days. This reflects the priority advantage in survivorship 
of being among the first neonates in the first clutch laid 
in the nursery after it fills with water, either early in 
the season or at the creation of a new habitat when a 
tree falls and its holes fill with water (Fincke & Hadrys, 
2001). Deviation from the trend line on days 1–5 of the 
pooled clutches (Fig. 3) could reflect variation in mater-
nal and seasonal effects, egg temperature or moisture 
in the bark, and/or degree of temperature drop if that 
alters the strength of the hatching cue. 

As an adaptive maternal response to unpredictable 
windows of opportunity that occur in the larval habi-
tats, the characteristic asynchrony of embryo devel-
opment that we documented is likely under maternal 
control via laying order, egg size (e.g., Schenk & Sönde-
rath, 2005), or other maternal contribution (e.g., vi-
tellogenin, Hagedorn & Kunkel, 1979; Libbrecht et al., 
2013). Preliminary data indicated that the large eggs 
of M. caerulatus varied little from the mean size of 
1.25 mm, but suggested that moisture condition of the 
eggs or laying order may affect the initiation of devel-
opment. Within a clutch, the longest hatching span is 
found in the final quartile of hatched eggs and is greater 
than the combined means of the first, second, and third 
quartile (Fincke & Hadrys, 2001), a result similar to that 
observed in our sample of pooled eggs (Fig. 3). As in 
that earlier study, we found no significant correlation 
between clutch size and hatching span. 

In M. caerulatus, the abiotic trigger, over which moth-
ers have no control, poses a maternal constraint on an 
otherwise adaptive bet-hedging strategy. Within the 
pattern of developmental asynchrony (Figs 2c, 5), the 
temperature trigger should increase the temporal clus-
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tering of both siblings and unrelated neonates, thereby 
increasing competition among neonates for the unpre-
dictable windows of opportunity. Indeed, such a mater-
nal constraint may explain why females may lay as many 
as 200 eggs in a large nursery (Fincke, 1992a), when 50 
eggs appear sufficient to maximize hatching span (Fincke 
& Hadrys, 2001) and 100 sufficient for maximizing size 
and number of surviving offspring of a single mother in 
a large nursery (Fincke, 2011). Importantly, in the Fincke 
& Hadrys (2001) experiment, one egg clutch was added 
to the nursery only once every two weeks, based on the 
average frequency that females were observed at de-
fended tree holes. However, six females were seen to 
oviposit over a 4-week span at one defended territory 
(Fincke, 1992a) and multiple females have been found 
over the course of a day at very large territories (O.M. 
Fincke, unpublished data). Hence, clutch size may be 
more important to female fitness than it was thought to 
be earlier. To whit, very large clutches may help counter 
the additional competition for windows of opportunity 
that results from synchronous hatching of unrelated lar-
vae due to the hatching trigger.   

Our observations suggest that the first stage of the 
hatching mechanism described by Degrange (1974) 
for Zygoptera generally also applies to M. caerulatus. 
Before hatching, full-grown embryos swallowed water 
from their environment, after which they burst out of 
their eggshell, similar to the behavior of coenagrionid 
species (Degrange, 1961). The relatively opaque egg-
shell of M. caerulatus prevented us from accurately 
identifying hatch-ready embryos without dissecting the 
eggs. Thus, the percentage of egg-hatches in the treat-
ment group (Table 1) underestimates the effectiveness 
of the hatch trigger as inferred from results of natural 
hatches in our analyses of the solitary hatch days and 
seasonal trend in hatching spans.

Logistical constraints imposed on our methods in-
cluded: (1) difficulty in finding sufficient fecund, mature 
females before they began egg-laying, and (2) time re-
quired to check all egg clutches for neonates for lon-
ger than 65 days. Thus, we economized on information 
gleaned by using clutches in the temperature reduction 
experiment to additionally test between synchronous 
and asynchronous development, while underestimat-
ing maximum hatching spans. 

On BCI, four additional odonates (the damselflies 
Mecistogaster linearis, M. ornata, and the aeshnid 
dragonflies, Triacanthagyna dentata and, rarely, Gyn-
acantha membranalis) share larval habitats with 
Megalo prepus (Fincke, 1998). Here we ignored any ef-
fects of those species because the most common larval 
competitors for M. caerulatus in large tree holes are 
conspecifics (Fincke, 1992b, 1999). The genus Megalo-
prepus includes four distinct clades (Feindt et al., 2014; 
Selys, 1860), all which have been raised to species sta-
tus (Feindt & Hadrys, 2022). Because all four species oc-
cur in tropical moist or rain forests (Fincke et al., 2018), 
we predict that the proximal hatching trigger of tem-
perature reduction applies to the genus more generally. 

Given that the egg is the least-studied stage of devel-
oping Odonata (reviewed by Stoks & Córdoba-Aguilar, 
2012), promising future work includes identification of 
proximal egg variables under maternal control and pa-
rental effects more generally (e.g., Fincke, 1992a; Snie-
gula et al., 2016). Maternal strategies of most odonate 
genera that inhabit tropical phytotelmata remain un-
known. Anthropogenic climate change will likely make 
their shared nurseries more vulnerable to drying and 
could potentially affect abiotic hatching cues. Given the 
critical role of gravid females in dispersal and the im-
pact of their offspring on community structure of phy-
totelmata (e.g., Kitching, 2000; Petermann et al., 2015; 
Yanoviak, 2001), these female top predators merit 
more attention. 
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