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Investigating the expression of trade-offs between key life-history functions is central to our
understanding of how these functions evolved and are maintained. However, detecting trade-offs can
be challenging due to variation in resource availability, which masks trade-offs at the population level.
Here, we investigated in the European earwig Forficula auricularia whether (1) weapon size trades off
with three key immune parameters — hemocyte concentration, phenoloxidase and prophenoloxidase
activity - and whether (2) expression and strength of these trade-offs depend on male body condition
(body size) and/or change after an immune challenge. Our results partially confirmed condition
dependent trade-offs between weapon size and immunity in male earwigs. Specifically, we found that
after an immune challenge, weapon size trades off with hemocyte concentrations in low-condition,
but not in good-condition males. Contrastingly, weapon size was independent of pre-challenge
hemocyte concentration. We also found no trade-off between weapon size and phenoloxidase activity,
independent of body condition and immune challenge. Overall, our study reveals that trade-offs with
sexual traits may weaken or disappear in good-condition individuals. Given the importance of weapon
size for male reproductive success, our results highlight how low-condition individuals may employ
alternative life-history investment strategies to cope with resource limitation.

Optimal allocation of resources into physiological, morphological and behavioural traits is typically known
to determine the fitness of an individual'. Investing heavily into one life-history trait can, however, reduce the
resources available for other processes. This trade-off is common in nature and often affects the intricate balance
between survival and reproductive prowess, such as fecundity?~* and male weaponry and ornaments. These latter
traits are large, extravagant structures that are energetically costly to develop>® but increase males’ reproductive
success by enhancing their fighting abilities and/or appeal to female mate choice” ®. Males of the stag beetle
Cyclommatus metallifer, for example, are well known to express extremely large and conspicuous weapons that
improve mating success, but come at costs in terms of wing size and flight muscles’.

In nature, the expression of a trade-off between mutually exclusive functions is ultimately governed by the
overall available resources an individual can allocate to them'®!'. Any change in these resources, for instance
due to environmental, physiological, and/or genetic variation, is thus expected to mask investment trade-offs or
even result in an apparently positive relationship between two specific traits'!-!>. Many studies are in line with
these predictions. For instance, high-quality females have been shown to exhibit diminished costs of reproduc-
tion compared to low-quality ones in two species of ungulates' and males with increased access to resources
show a reversed fecundity-longevity trade-off apparently lowering the cost of reproduction in the seed beetle
Callosobruchus maculatus'> '®. Conversely, several studies report a rather puzzling absence of trade-offs between
sexually-selected and non-sexual traits. For example, in the rhinoceros beetle Trypoxylus dichotomus, large horns
seem to impose no costs on overall growth, mobility, or immunity'’, and in the horned beetle Euoniticellus inter-
medius, where parts of the immune response were shown to positively correlate with male horn length with no
sign of a trade-off"®.
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Figure 1. (a) Different association between eye distance (proxy for body size) and forceps length for long
forceps males (P > 0.001) and short forceps males (P =0.041). The difference in correlation was accounted for
when calculating the relative forceps length used in the analyses. (b) Illustrative examples of measured long and
short forceps. (c) Male specimen of Forficula auricularia with long forceps (Photo: Joél Meunier).

The reversal or removal of trade-offs has been suggested for male sexual traits as part of the handicap prin-
ciple’, which aims to explain how male sexual traits evolved and more importantly, why they - in theory - must
be honest, i.e. reflect the condition of the bearer. In a refined model based on the handicap principle, Grafen
proposed in 19907 that marginal costs of advertising sexual traits are higher for individuals in poor condition.
This suggests that trade-offs involving sexual traits should be less taxing on other life-history traits in high com-
pared to low-condition males and thus result in an overall positive growth allometry in high condition males only
(relative scaling of body parts)?!. This condition-dependent effect, however, has received mixed support across
species?, and studies investigating condition-dependence in sexual trait expression rarely include trade-offs
with other, non-sexual traits?>. Yet, condition dependency of sexually-selected weapons or ornaments in males
has been established in a number of species, such as horn length in the isopod Deto echinata®, eye span in
the stalk-eyed fly Diasemopsis aethiopica®, or weapon size in the cactus bug Narnia femorata®. To what degree
this condition dependency of sexually-selected traits affects any trade-offs with other, non-sexual traits remains
largely unknown.

In this study, we investigated whether trade-offs between sexual (forceps length) and life-history (immunity)
traits are condition-dependent in males of the European earwig Forficula auricularia. In this hemimetabolous
insect with a promiscuous mating system?®’, males are well known to wield curved forceps at the end of their
abdomen (Fig. 1). The length of male forceps - which varies at adulthood only - is positively associated with the
duration and frequency of copulations, with their general fighting abilities, and with their capability to interrupt
the mating attempts of contenders?® ?. Male forceps size is a heritable trait*® that can vary dramatically within
a population®3!. During initial development and continuing through adulthood, longer forceps are likely to be
more costly than smaller forceps for individuals due to their encumbering size and weight’. Here, we tested if
forceps length trades off with males’ investment into immunity. Immunity is a cornerstone of defence against
pathogens and parasites but is also costly and therefore often expected to trade-off with life-history traits®>
33, Specifically, we investigated three key components of males’ immune system: phenoloxidase activity (PO),
prophenoloxidase activity (PPO; which is measured together with PO as total-PO), and hemocyte concentra-
tion*¥-%¢. PO and its inactive precursor, PPO, help individuals resist a large number of pathogens through mel-
anisation and the induction of the release of various cytotoxins®*> " %%, while hemocytes are involved in core
immune functions such as phagocytosis, nodulation, and encapsulation®’. Although PO and total-PO are often
expected to correlate, interesting discrepancies have been reported in the literature making the dual measure-
ment worthwhile®. The investments into immune components were measured both before (basal) and 24 h after
(activated) an immune challenge, since the degree and direction of the expected trade-offs are not necessarily the
same during these two physiological stages’®4!. The immune challenge was done by pricking individuals with a
sterile needle either dipped into a control solution (i.e. injury = low immune challenge) or into a lipopolysaccha-
ride solution (LPS =high immune challenge), a component of gram-negative bacteria cell walls that is generally
used as a non-pathogenic immune elicitor in insects**~*. If the condition of a male determines the presence and
direction of an investment trade-off between weapon size and immunocompetence in the direction predicted
by Grafen®, we expected to detect a trade-off between forceps length and the level of basal immunity and/or
immune response in the smallest (i.e. low quality) but not the largest (i.e. high quality) males.

Materials and Methods

Insect rearing and definitions of weapon size categories. To investigate condition-dependent
trade-offs between forceps length and immunity, we first selected a large number of males exhibiting strong
variation in this sexually-selected trait. To this end, we field-caught 1188 males and 1296 females of F. auricularia
in July-August 2015 from a single natural population located in Mainz, Germany (49°58'20.5"N 8°1142.3"E).
Immediately after field sampling, we distributed these individuals into 36 plastic containers (37 x 22 x 25cm)
grounded with moist sand to homogenize nutrition, habitation and access to mates for the males. Each container
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received 36 females and 33 males, which were allowed to freely mate for four months. After that time, the 1188
males were sorted to select the top 9% exhibiting the longest forceps and the bottom 9% with the shortest forceps.
To this end, we first visually selected a large subset of long and short forceps males and then measured their mean
forceps length (as the mean of left and right outer forceps) and eye distance as two proxies of body size* and qual-
ity*®#” (detailed selection process in supp. materials). Note that variation in earwig body size reflects both their
genetic background and their previous environment®” *, These measurements eventually provided us with a total
of 112 “short forceps” males (i.e. the 9.4% of males with the shortest forceps) and 105 “long forceps” males (i.e. the
8.8% of males with the longest forceps) (Fig. 1). After these morphology measurements, each male was isolated in
a Petri dish (5.5 cm diameter) and provided with an ad libitum quantity of standard food (composition detailed
in Kramer et al.**) for 24 hours, before it was used for immune measurements and/or immune challenge (see
below). The Petri dishes were furnished with moist sand and maintained under standard laboratory conditions®.
All morphometric measurements were done following standard protocols®”>*”-*, in which sizes were taken to
the nearest 0.001 mm using the Leica Application Suite 4.5 software (Leica Microsystems, Wetzlar, Germany) on
pictures of CO, anesthetized males taken under a binocular scope (Leica, MZ 12.5).

Basal immunity and immune challenges. The association between weapon size and immunocompe-
tence was investigated by measuring male investment into three components of their immune system both before
(basal) and 24 hours after (activated) an immune challenge. The basal immunity was measured one day after
each of the 217 short- and long-forceps males were isolated (note that social isolation does not influence male
capacity to fend off pathogens and is thus unlikely to shape their immunocompetence)®’. At that time, 1l of
hemolymph was extracted per male (median volume of extraction = 1.0 ul; min = 0.6 ul; max = 2 ul) to measure
the number of circulating hemocytes as well as total-PO and PO activities (see below). Just after hemolymph
extraction, a random subset of 58 of the short-forceps males and 50 of the long-forceps males (n = 108 total) were
immune-challenged by pricking them with a sterile needle that was previously dipped either 1) into a suspension
of LPS (diluted in a Ringer solution at 10 mg/ml; n =29 short- and 27 long-forceps) or 2) into a control solution
(100% Ringer; n =29 short- and 23 long-forceps). The remaining 109 non-challenged males were used in another
experiment (data not shown). All these pricked males were then returned to their Petri dish, where they were
given ad libitum access to food for 24 hours. The immune response of the 107 surviving males (one long-forceps
male died) was finally determined by re-extracting 1l of their hemolymph (median = 1.0 pl; min = 0.4 pl;
max = 1.4 ul) and measuring hemocyte concentration, as well as PO and total-PO activities (see below).

Measurement of the three immune parameters. The 1 pl of hemolymph per individual to be used for
the hemocyte, PO, and total-PO measurements was diluted in 25 pl of cold sodium cacodylate/CaCl, buffer, of
which 10 pl were used immediately to measure hemocyte concentration while 16 ul were frozen to later measure
PO and total-PO. If the initial amount of hemolymph was less than 1 pl, we noted the actual amount using a glass
capillary and a calliper. The concentration of hemocytes was then measured by visual count using a Neubauer
Improved Haemocytometer and a microscope (magnification x400). The PO and total-PO activities were spec-
trophotometrically measured using a standard protocol®2. In brief, each frozen sample of diluted hemolymph
was thawed on ice and centrifuged for 5 minutes at 4°C (4000 x g), after which 5 pl of the resulting superna-
tant was added to a microplate well containing 20 pl of PBS, 20 ul of L-dopa solution (Sigma D-9628; 4 mg/ml
of distilled water), and either 140 pl of distilled water (PO activity) or 140 ul of chymotrypsin solution (Sigma
C-7762, 0.07 mg/ml of distilled water; total-PO activity). The enzymatic reaction was allowed to proceed for
2hours 47 minutes at 30°C in a microplate reader (Thermo scientific Multiskan™ FC Microplate Photometer).
Enzyme activity was defined as the slope of the reaction curve during the linear phase of the reaction (Vmax
value: change in absorbance units/min) and measured using the R-based free program PO-CALC??. Because the
volume of extracted hemolymph and the resulting concentration of hemolymph slightly varied between individ-
uals (see the range of extraction detailed above), we standardized the concentration of hemocytes and total-PO
activity (immune parameters) per microliter of hemolymph using the following formula: I x [(Vh+ Vb)/Vh]/Vm,
in which I is the measured immune parameter, Vh is the volume of extracted hemolymph, Vb is the volume of
buffer added, and Vm is the volume applied either to the Haemocymeter for hemocyte count (i.e. 10 ul) or on the
spectrophotometer plate for total-PO measurement (i.e. 5 ul).

Statistical analyses. We first tested whether hemocyte concentration, PO activity, and/or total-PO activity
depended on males’ body size and forceps length using a series of six general linear models (function Im in R).
Three models were computed with the immune values taken before the immune challenge, whereas three other
models were conducted with the immune values taken after the immune challenge. Note that in the last three
models, the type of challenge (control or LPS) was also entered as an explanatory factor, and that we controlled for
the values of the considered basal immune trait by entering them as covariate. Each statistical model first included
all possible interactions between the explanatory factors (i.e. body size, forceps length and, when available, the
type of challenge) and was then simplified stepwise by removing the interaction terms that were not significant
(all P-values > 0.08) after which we confirmed best model selection using Akaike Information Criterion (AIC).
Note that some non-significant interactions are presented here to facilitate model comparisons, but their removal
from the statistical models did not qualitatively change the results. In all six models, forceps length was corrected
for body size within each male category, as these two values are positively associated, but the slope of this associ-
ation depends on the male size category (Fig. 1). This correction was done by using the residuals of two general
linear models (one for the long- and one for the short-forceps males), in which the forceps length was entered
as a response variable and the body size as an explanatory variable. This corrected forceps length thus provided
information on whether males had longer or shorter forceps than predicted by their body size within each forceps
category, which is exactly the focus of the present study.
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Hemocyte Total-PO
number PO activity activity
Fues |P Fugy |P Fuey |P
Basal
measurement | 3.98 0.049 |5.17 0.025 |7.07 0.009
(Bm)
Body size (BS) | 3.16 0.078 | 0.00 0.951 | 145 0.231
Forceps
length (FL) 1.05 0.309 | 1.34 0.251 |0.14 0.709
Type of 6.16 |0.015 |0.14 |0.712 |007 |0.795
pricking
Body
size: Basal 8.49 0.004 | 0.45 0.502 | 1.01 0.317
measurement
Body size:
Forceps 7.21 0.009 | 0.14 0.711 ]0.18 0.668
length

Table 1. Effects of basal immunity, body size, forceps length, type of pricking (control versus LPS), and their
interaction on the hemocyte concentration, PO, and total-PO activities after the injections of LPS or control
solutions. The basal immunity corresponds to the value of each immune parameter measured 24 h before the
pricking. Significant P-values are in bold. These three models first included all possible interactions between the
explanatory factors and were then simplified (see Methods).

To fulfil homoscedasticity and Gaussian distribution of the residuals, all the models were computed using
square root-transformed hemocyte concentration and log 4-0.001-transformed PO and total-PO activities. The
statistical analyses were conducted using R v3.1.2 loaded with the packages car and effects. This latter package was
used to plot and interpret the interactions between continuous variables, as it displays the predicted relationship
between the response variable and one explanatory variable for different, fixed values of the interacting variable(s)
(see refs 54 and 55).

Data availability. The complete dataset is archived in Dryad. Doi:10.5061/dryad.q03d6.

Results

Prior to the immune challenge, there was no trade-off between forceps length and the immune defence of males.
Specifically, the baseline concentration of hemocytes and the baseline activities of PO and total-PO were inde-
pendent of male body size (hemocytes: F, 503 =1.99, P=10.16; PO: F, 14s=0.41, P=0.525; total-PO: F, 5; =0.49,
P=10.484), as well as of forceps length (hemocytes: F, 50 =2.69, P=0.103; PO: F, ;¢4 = 1.6, P=0.207; total-PO:
F|,0s=0.01, P=0.914) and of an interaction between these two traits (all P >0.196).

Conversely, after the immune challenge, there was a trade-off between forceps length and hemocyte con-
centration, but its expression depended on males’ body size (interaction between body size and forceps
length, P=0.009; Table 1). Specifically, hemocyte concentration traded off with forceps length in the smaller
males, whereas hemocyte concentration increased together with forceps length in the largest males (Fig. 2a).
Independent of this effect, post-challenge hemocyte concentration was overall higher in LPS-pricked than in
control-pricked males (P=0.015, Table 1 and Fig. 2b) and the post-challenge and basal levels of hemocyte
concentrations were positively correlated in the smaller males only (interaction between body size and basal
measurements, P=0.004; Table 1 and Fig. 2c). Hemocyte concentrations were, however, not shaped by an inter-
action between the type of immune challenge and body size (Table 1). Finally, post-challenge activities of PO and
total-PO were overall positively correlated to their baseline activities (all P < 0.025; Fig. 3 and Table 1), but were
independent of forceps length, body size, and the type of immune challenge (all P >0.231; Table 1). Note that all
measures of PO and total-PO activities were independent of hemocyte concentrations (all P > 0.086; Table 2).

Discussion

We investigated whether the forceps size of field-sampled earwig males traded off with their immunocompe-
tence and whether the expression and direction of this trade-off depended on male body size. Our data par-
tially confirm our predictions: we showed that male forceps size traded off with hemocyte concentration in
small males after an immune challenge (independent of the type of immune challenge). In large males, however,
post-challenge hemocyte concentration did not trade-off but instead increased with forceps size. Our results also
reported an absence of trade-off or positive association between forceps length and the basal concentration of
hemocytes, as well as between forceps length and either the basal or the post-immune challenge levels of PO and
total-PO activities.

Our results show a condition-dependent trade-off between forceps size and the post-challenge concentration
of hemocytes in earwig males. This result is in line with the trade-off between sexual traits and immunocompe-
tence reported in numerous species ranging from vertebrates (barn swallows Hirundo rustica)®® to invertebrates
(crickets Gryllus campestris®*; wolf spiders Hygrolycosa rubrofasciata)”’. Here, however, our findings reveal that
even if investment into sexual ornamentation and weaponry is a costly affair, this cost is significant (in terms of
immune function) only for males exhibiting an overall small body size. Knowing the general benefits of exhib-
iting long forceps in earwig males’ mating success®® %, these results suggest that the emergence of alternative
mating strategies limiting the importance of forceps length could be favoured in small males®®. In line with this
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Figure 2. Effects of (a) the interaction between body size and the forceps length on hemocyte concentration
24 h after the immune challenge, (b) the type of immune challenge, and (c) the interaction between body size
and basal hemocyte concentration. In the first and third panel, the straight lines represent males with small
body size (1% quartile of the distribution = 1.407), where the dashed lines represent the males with medium
body size (median value = 1.437), and the dotted lines represent males with large body size (3™ quartile of the
distribution = 1.47). The dashes on the abscissa represent the distribution of males.
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Figure 3. Association between the measurements of (a) PO and (b) total-PO activities before and after the
immune challenge.

a) Measurements before immune challenge

Hemocyte concentration n=210 1s=0.06 rs=0.12
PO activity P=0.412 n=200 rs=0.81
Total-PO activity P=0.086 P <0.0001 n=209

b) Measurements after immune challenge

Hemocyte concentration n=107 rs=-—0.15 rs=—0.12
PO activity P=0.134 n=101 1s=0.67
Total-PO activity P=0.278 P <0.0001 n=101

Table 2. Spearman correlation tests among hemocyte concentration, PO, and total-PO activities measured (a)

before and (b) after pricking. Significant P-values are in bold.
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hypothesis, male earwigs with short forceps have been shown to sneak copulations more frequently than bet-
ter armed males™. Alternatively, small males may still opt for reduced investment into immunocompetence to
increase forceps growth and therefore better compete with larger conspecifics®® ¢! when the risks of pathogen
infections are low in the population, or when high levels of competition facilitate a high-risk/high-reward mat-
ing strategy. Disentangling these different evolutionary scenarios would require further investigations into the
importance of pathogen pressure on forceps development in young males, as well as their expression of alterna-
tive mating strategies. Note, however, that a study recently revealed that forceps length is highly heritable in this
species®, suggesting that short forceps males might use an alternative mating strategy to reach a similar fitness
as long forceps males.

The condition-dependent trade-off between forceps length and hemocyte concentration only appeared after
an immune challenge, regardless of challenge type (pricking or control). This is somewhat surprising, since the
basal number of circulating hemocytes is traditionally assumed to reflect an individual’s ability to mount an
immune response®* 2. Nevertheless, our results may reveal that upregulating immune capacity in response to a
threat could be more cost efficient than maintaining a constantly high level of immunity. This has been previously
proposed in larvae of the moth Eupoecilia ambiguella®®, where body size is positively associated with hemocyte
concentration after, but not before an immune challenge.

Although the LPS-pricked males showed an overall higher hemocyte concentration than control-pricked
males, the type of immune challenge had no effect on PO and PPO. These results confirm that the wounding
itself is sufficient to trigger an immune reaction in terms of hemocyte concentration, a phenomenon reported
in several other insects*” % ¢4, but insufficient to trigger an upregulation of PO/PPO. This latter absence of effect
was surprising, as the concentration we used is relatively high (e.g. 20 x higher than what was required to elicit an
immune response in the bumblebee Bombus terrestris*, an insect with a comparable body weight). Nevertheless,
it illustrates that various immunity pathways may react differently to immune challenges®* 4%,

Similarly, the condition-dependent trade-off between forceps length and immunocompetence affected the
hemocyte concentration, but not the PO/PPO activity. While immune parameters do not always represent path-
ogen resistance equally***" %, past studies have reported associations of the PO/PPO enzyme cascade with path-
ogen response® and with individual condition®® ¢’. Interpreting the immune function of high or low levels of
PO/PPO activities can, however, be difficult. This is because reaction products of PO activation include several
proteases and oxygen radicals that can actually harm the host as well as the intruder, meaning that an overexpres-
sion can prove costly and even detrimental through autoreactive damage®” . As a result, having a more capable,
stronger immune system may not automatically imply higher cytotoxic responses, like those induced by the PO
cascade. Showing that males of different size and/or quality exhibit an equal response in the PO/PPO enzyme
cascade could thus actually reflect the better condition of the larger individuals, since they only have to pay for a
relatively meek immune response in comparison to their smaller conspecifics.

While we did not detect any correlation between body or forceps size and baseline hemocyte concentration,
we found that the association between pre- and post-challenge hemocyte concentration depended on the size
of the males. In small males, the post-challenge concentration of hemocytes was higher when the basal concen-
tration of hemocytes was also high (and vice versa). This means that small males fit our initial expectations of
basal hemocytes indicating an individual’s ability to mount an immune response®* . In large males, however, the
recruitment of hemocytes after an immune challenge appears to be independent of their basal concentration of
hemocytes. Overall, these results are in line with the assumption that body size is a reliable indicator of individual
quality?® 474971 and hint at a condition-dependent change in immune investment.

Opverall, our results reveal that being a short- or a long-forceps male (regardless of the traits that may covary
with forceps length under natural conditions) has important implications in terms of immunity in male ear-
wigs, mostly regarding hemocyte concentration. By using field-sampled individuals that may have experienced
natural events specific to their forceps length, we also showed that trade-offs between crucial traits such as
sexually-selected weapons/ornaments and immunocompetence can be condition-dependent within the same sex,
population, and habitat. While condition dependency of sexually-selected traits has been demonstrated before,
how their apparently variable costs affect and trade-off with other important traits was largely unknown. This
is, however, of special importance since the cost of ornaments and therefore the associated trade-offs with other
life-history traits are often thought to be crucial for the evolution of honest signalling!® 7> 7>. Finally, our data
show that sexual traits like weaponry can be of higher priority than immunocompetence in poor condition indi-
viduals, indicating a high-risk/high-reward strategy, while good condition individuals can equally invest in both
traits to strike an even balance between attractiveness and survival.

References
1. Stearns, S. C. The Evolution of Life Histories. (Oxford Universtity Press, 1992).
2. Tinkle, D. & Ballinger, R. Sceloporus undulatus: a study of the intraspecific comparative demography of a lizard. Ecology 53, 570-584
(1972).
. Clutton-Brock, T., Guinness, F. E. & Albon, S. D. Red Deer - Behavior and ecology of two sexes. (University of Chicago Press, 1982).
. Partridge, L. & Farquhar, M. Sexual activity reduces lifespan of male fruitflies. Nature 294, 580-582 (1981).
5. Kodric-Brown, A., Sibly, R. M. & Brown, J. H. The allometry of ornaments and weapons. Proc. Natl. Acad. Sci. USA 103, 8733-8
(2006).
6. Emlen, D. J., Warren, I. A, Johns, A., Dworkin, I. & Lavine, L. C. A Mechanism of Extreme Growth and Reliable Signaling in
Sexually Selected Ornaments and Weapons. Science 337, 860-864 (2012).
7. Andersson, M. Female Choice Selects for Extreme Tail Length in a Widowbird. Nature 299, 818-820 (1982).
8. Goyens, J., Dirckx, J. & Aerts, P. Jaw morphology and fighting forces in stag beetles. J. Exp. Biol. 219, 2955-2961 (2016).
9. Mills, M. R. et al. Functional mechanics of beetle mandibles: Honest signaling in a sexually selected system. J. Exp. Zool. Part A Ecol.
Genet. Physiol. 325, 3-12 (2016).
10. Desmarais, K. H. & Tessier, A. J. Performance trade-off across a natural resource gradient. Oecologia 120, 137-146 (1999).

W

SCIENTIFICREPORTS|7:7988 | DOI:10.1038/s41598-017-08339-6 6



www.nature.com/scientificreports/

11.

12.
. Parker, G. A. & Begon, M. Optimal Egg Size and Clutch Size: Effects of Environment and Maternal Phenotype. Am. Nat. 128,

14.
15.
16.
17.

18.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
35.

36.
37.

38.
. Busso, J. P, Blanckenhorn, W. U. & Gonzales-Tokman, D. Healthier or bigger? Trade-off mediating male dimorphism in the black

40.

41

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

van Noordwijk, aJ. & de Jong, G. Acquisition and Allocation of Resources: Their Influence on Variation in Life History Tactics. Am.
Nat. 128, 137 (1986).
Smith, C. C. & Fretwell, S. D. The Optimal Balance between Size and Number of Offspring. Am. Nat. 108, 499-506 (1974).

573-592 (1986).

Hamel, S., Coté, S. D., Gaillard, J. M. & Festa-Bianchet, M. Individual variation in reproductive costs of reproduction: High-quality
females always do better. J. Anim. Ecol. 78, 143-151 (2009).

Tatar, M. & Carey, J. R. Nutrition Mediates Reproductive Trade-Offs with Age-Specific Mortality in the Beetle Callosobruchus
Maculatus. Ecology 76, 2066-2073 (1995).

Messina, E J. & Fry, J. D. Environment-dependent reversal of a life history trade-off in the seed beetle Callosobruchus maculatus. J.
Evol. Biol. 16, 501-509 (2003).

McCullough, E. L. & Emlen, D. J. Evaluating the costs of a sexually selected weapon: Big horns at a small price. Anim. Behav. 86,
977-985 (2013).

Pomfret, J. C. & Knell, R. J. Immunity and the expression of a secondary sexual trait in a horned beetle. Behav. Ecol. 17, 466-472
(2006).

. Zahavi, A. Mate selection-A selection for a handicap. . Theor. Biol. 53, 205-214 (1975).

. Grafen, A. Biological signals as handicaps. J. Theor. Biol. 144, 517-546 (1990).

. Huxley, J. S. & Tesissier, G. Terminology of Relative Growth. Nature 137, 780-781 (1936).

. Bonduriansky, R. The Evolution of Condition-Dependent Sexual Dimorphism. Am. Nat. 169, 9-19 (2007).

. Cotton, S., Fowler, K. & Pomiankowski, A. Do sexual ornaments demonstrate heightened condition-dependent expression as

predicted by the handicap hypothesis? Proc. Biol. Sci. 271, 771-83 (2004).

Glazier, D. S., Clusella-Trullas, S. & Terblanche, . S. Sexual dimorphism and physiological correlates of horn length in a South
African isopod crustacean. J. Zool. 300, 99-110 (2016).

Knell, R. J., Fruhauf, N. & Norris, K. A. Conditional expression of a sexually selected trait in the stalk-eyed fly Diasemopsis
aethiopica. Ecol. Entomol. 24, 323-328 (1999).

Miller, C. W,, McDonald, G. C. & Moore, A. ]. The tale of the shrinking weapon: seasonal changes in nutrition affect weapon size and
sexual dimorphism, but not contemporary evolution. J. Evol. Biol. 29, 2266-2275 (2016).

Sandrin, L., Meunier, J., Raveh, S., Walser, J. C. & Kolliker, M. Multiple paternity and mating group size in the European earwig,
Forficula auricularia. Ecol. Entomol. 40, 159-166 (2015).

Radesiter, T. & Halldérsdéttir, H. Two male types of the common earwig: male-male competition and mating success. Ethology 95,
89-96 (1993).

Tomkins, J. L. & Simmons, L. W. Female choice and manipulations of forceps size and symmetry in the earwig Forficula auricularia
L. Anim. Behav. 56, 347-356 (1998).

Pike, K. N., Tomkins, J. L. & Bruno, B. A. Mixed evidence for the erosion of inter-tactical genetic correlations through intralocus
tactical conflict. J. Evol. Biol., doi:10.1111/jeb.13093 (2017).

Tomkins, J. L. Environmental and genetic determinants of the male forceps length dimorphism in the European earwig Forficula
auricularia L. Behav. Ecol. Sociobiol. 47, 1-8 (1999).

Jacot, A., Scheuber, H. & Brinkhof, M. W. G. Costs of an Induced Immune Response on Sexual Display and Longevity in Field
Crickets. Evolution (NY). 58, 2280-2286 (2004).

Rantala, M. ], Roff, D. A. & Rantala, L. M. Forceps size and immune function in the earwig Forficula auricularia L. Biol. ]. Linn. Soc.
90, 509-516 (2007).

Lavine, M. & Strand, M. Insect Hemocytes and Their Role in Immunity. Insect Biochem. Mol. Biol. 32, 1295-1309 (2002).

Strand, M. R. & Pech, L. L. Immunological basis for compatibility in parasitoid-host relationships. Annu. Rev. Entomol. 40, 31-56
(1995).

Gillespie, J. P,, Kanost, M. R. & Trenczek, T. Biological mediators of insect immunity. Annu. Rev. Entomol 42, 611-643 (1997).
Gillespie, J. P. & Burnett, C. & Charnley, a K. The immune response of the desert locust Schistocerca gregaria during mycosis of the
entomopathogenic fungus, Metarhizium anisopliae var acridum. J. Insect Physiol. 46, 429-437 (2000).

Cerenius, L. & Soderhill, K. The prophenoloxidase-activating system in invertebrates. Immunol. Rev. 198, 116-126 (2004).

scavenger fly Sepsis thoracica (Diptera: Sepsidae). Ecol. Entomol., doi:10.1111/een.12413 (2017).
Vogelweith, E, Thiery, D., Moret, Y. & Moreau, J. Inmunocompetence increases with larval body size in a phytophagous moth.
Physiol. Entomol. 38, 219-225 (2013).

. Adamo, S. A. How should behavioural ecologists interpret measurements of immunity? Anim. Behav. 68, 1443-1449 (2004).
. Sritunyalucksana, K. & Séderhall, K. The proPO and clotting system in crustaceans. Aquaculture 191, 53-69 (2000).
43.

Jomori, T., Kubo, T. & Natori, S. Purification and characterization of lipopolysaccharide-binding protein from hemolymph of
American cockroach Periplaneta americana. Eur. J. Biochem. 190, 201-206 (1990).

Moret, Y. & Schmid-Hempel, P. Survival for Immunity: The Price of Immune System Activation for Bumblebee Workers. Science
290, 1166-1169 (2000).

Thesing, J., Kramer, J., Koch, L. K. & Meunier, J. Short-term benefits, but transgenerational costs of maternal loss in an insect with
facultative maternal care. Proc. R. Soc. B Biol. Sci. 282, 20151617 (2015).

Meunier, J. et al. One clutch or two clutches? Fitness correlates of coexisting alternative female life-histories in the European earwig.
Evol. Ecol. 26, 669-682 (2012).

Kramer, J., Thesing, ]. & Meunier, J. Negative association between parental care and sibling cooperation in earwigs: a new perspective
on the early evolution of family life? J. Evol. Biol. 28, 1299-1308 (2015).

Wong, J. W. & Kolliker, M. Effects of food restriction across stages of juvenile and early adult development on body weight, survival
and adult life history. J. Evol. Biol. 27, 2420-2430 (2014).

Koch, L. K. & Meunier, J. Mother and offspring fitness in an insect with maternal care: phenotypic trade-offs between egg number,
egg mass and egg care. BMC Evol. Biol. 14,125 (2014).

Weif}, C., Kramer, J., Hollander, K. & Meunier, J. Influences of Relatedness, Food Deprivation, and Sex on Adult Behaviors in the
Group-living Insect Forficula auricularia. Ethology 120, 923-932 (2014).

Kohlmeier, P, Hollinder, K. & Meunier, J. Survival after pathogen exposure in group-living insects: Don’t forget the stress of social
isolation! J. Evol. Biol. 29, 1867-1872 (2016).

Vogelweith, F,, Korner, M., Foitzik, S. & Meunier, ]. Age, pathogen exposure, but not maternal care shape offspring immunity in an
insect with facultative family life. BMC Evol. Biol. 17, 69 (2017).

Kohlmeier, P., Dreyer, H. & Meunier, J. PO-CALC: A novel tool to correct common inconsistencies in the measurement of
phenoloxidase activity. J. Insect Physiol. 75, 80-84 (2015).

Fox, J. Effect displays in R for generalised linear models. J. Stat. Softw. 8, 1-9 (2003).

Kramer, . & Meunier, J. Maternal condition determines offspring behavior toward family members in the European earwig. Behav.
Ecol. 27, 494-500 (2016).

Saino, N., Moller, A. P., Moller, A. P., Moller, A. P. & Moller, A. P. Sexual ornamentation and immunocompetence in the barn
swallow. Behav. Ecol. 7,227-232 (1996).

SCIENTIFICREPORTS|7: 7988 | DOI:10.1038/541598-017-08339-6 7


http://dx.doi.org/10.1111/jeb.13093
http://dx.doi.org/10.1111/een.12413

www.nature.com/scientificreports/

57. Ahtiainen, J. J., Alatalo, R. V., Kortet, R. & Rantala, M. ]. A trade-off between sexual signalling and immune function in a natural
population of the drumming wolf spider Hygrolycosa rubrofasciata. J. Evol. Biol. 18, 985-991 (2005).

58. Gross, M. R. Alternative reproductive strategies and tactics: diversity within sexes. Trends Ecol. Evol. 11, 92-98 (1996).

59. Tomkins, J. L. & Brown, G. S. Population density drives the local evolution of a threshold dimorphism. Nature 431, 1099-1103
(2004).

60. Kirkwood, T. B. & Rose, M. R. Evolution of senescence: late survival sacrificed for reproduction. Philos. Trans. R. Soc. Lond. B. Biol.
Sci. 332, 15-24 (1991).

61. Vinogradov, A. E. Male reproductive strategy and decreased longevity. Acta Biotheor. 46, 157-160 (1998).

62. Lawniczak, M. K. N. et al. Mating and immunity in invertebrates. Trends Ecol. Evol. 22, 48-55 (2007).

63. Kanost, M. R,, Jiang, H. & Yu, X. Q. Innate immune responses of a lepidopteran insect, Manduca sexta. Immunol. Rev. 198, 97-105
(2004).

64. Korner, P. & Schmid-Hempel, P. In vivo dynamics of an immune response in the bumble bee Bombus terrestris. J. Invertebr. Pathol.
87, 59-66 (2004).

65. Pauwels, K., De Meester, L., Decaestecker, E. & Stoks, R. Phenoloxidase but not lytic activity reflects resistance against Pasteuria
ramosa in Daphnia magna. Biol. Lett. 7, 156-9 (2011).

66. Barnes, A. I. & Siva-Jothy, M. T. Density-dependent prophylaxis in the mealworm beetle Tenebrio molitor L. (Coleoptera:
Tenebrionidae): Cuticular melanization is an indicator of investment in immunity. Proc. R. Soc. B Biol. Sci. 267, 177-182 (2000).

67. Gonzélez-Santoyo, I., Cérdoba-Aguilar, A., Gonzalez-Santoyo, I. & Cordoba-Aguilar, A. Phenoloxidase: A key component of the
insect immune system. Entomol. Exp. Appl. 142, 1-16 (2012).

68. Sadd, B. M. & Siva-Jothy, M. T. Self-harm caused by an insect’s innate immunity. Proc. Biol. Sci. 273, 2571-2574 (2006).

69. Roff, D. A. The evolution of life histories: Theory and analysis. (Chapman and Hall, 1992).

70. Blanckenhorn, W. U. The Evolution of Body Size: What Keeps Organisms Small? Q. Rev. Biol. 75, 385-407 (2000).

71. Ratz, T., Kramer, J., Veuille, M. & Meunier, ]. The population determines whether and how life-history traits vary between
reproductive events in an insect with maternal care. Oecologia 182, 443-452 (2016).

72. Emlen, D. J. Costs and the diversification of exaggerated animal structures. Science 291, 1534-6 (2001).

73. Rands, S. A., Evans, M. R. & Johnstone, R. A. The dynamics of honesty: Modelling the growth of costly, sexually-selected ornaments.
PLoS One 6 (2011).

Acknowledgements

We would like to thank Rebecca Nagel for comments on the manuscript. This study has been financed by the
German Science Foundation (DFG; ME4179/3-1 to JM) and by the Alexander von Humboldt Foundation (to
EV).

Author Contributions
MK, EV, S.E, and ].M. conceived the experiment. M.K. and EV. collected the data. M.K., EV,, and J.M. analysed
the data and wrote the first draft of the manuscript. All authors reviewed the manuscript prior to submission.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-08339-6

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:7988 | DOI:10.1038/s41598-017-08339-6 8


http://dx.doi.org/10.1038/s41598-017-08339-6
http://creativecommons.org/licenses/by/4.0/

	Condition-Dependent Trade-Off Between Weapon Size and Immunity in Males of the European Earwig

	Materials and Methods

	Insect rearing and definitions of weapon size categories. 
	Basal immunity and immune challenges. 
	Measurement of the three immune parameters. 
	Statistical analyses. 
	Data availability. 

	Results

	Discussion

	Acknowledgements

	Figure 1 (a) Different association between eye distance (proxy for body size) and forceps length for long forceps males (P > 0.
	Figure 2 Effects of (a) the interaction between body size and the forceps length on hemocyte concentration 24 h after the immune challenge, (b) the type of immune challenge, and (c) the interaction between body size and basal hemocyte concentration.
	Figure 3 Association between the measurements of (a) PO and (b) total-PO activities before and after the immune challenge.
	Table 1 Effects of basal immunity, body size, forceps length, type of pricking (control versus LPS), and their interaction on the hemocyte concentration, PO, and total-PO activities after the injections of LPS or control solutions.
	Table 2 Spearman correlation tests among hemocyte concentration, PO, and total-PO activities measured (a) before and (b) after pricking.




