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Age, but not an immune challenge, triggers 
terminal investment in the Pacific field 
cricket, Teleogryllus oceanicus
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The terminal investment hypothesis proposes that, when individuals are faced with a threat to survival, they will increase investment 
in current reproduction. The level of the threat necessary to elicit terminal investment (the dynamic terminal investment threshold) may 
vary based on other factors that also influence future reproduction. Here, we tested whether there is an interactive effect of age and 
an immune challenge on the dynamic terminal investment threshold in the Pacific field cricket, Teleogryllus oceanicus. We measured 
the courtship call, mating attractiveness, ejaculate size, and offspring production of T. oceanicus males. We found only limited sup-
port for the dynamic terminal investment threshold: there was no consistent evidence of a positive interaction between male age and 
immune challenge intensity. However, we found evidence for age-related terminal investment: older males produced a larger spermat-
ophore than younger males. Older males also had a slower calling rate compared to younger males, suggesting a potential trade-off 
between these two pre- and post-copulatory traits. As some, but not all, reproductive traits responded plastically to cues for terminal 
investment, our research highlights the importance of considering a broad range of pre-and post-copulatory traits when exploring the 
potential for terminal investment to occur.

Key words: ecological immunology, reproductive plasticity, reproductive trade-offs, residual reproductive value.

INTRODUCTION
Organisms have a limited reservoir of  resources and are unable to 
maximize investment into all life-history traits concurrently (Sinervo 
and Svensson 1998; Zera and Harshman 2001). As a result, trade-
offs among life-history traits are ubiquitous (Stearns 1989; Zera and 
Harshman 2001). One fundamental trade-off is that between cur-
rent and future reproduction (Stearns 1989; Ghalambor and Martin 
2001), which is dependent not only on the individual’s condition, 
but also their predicted lifespan. With each successful reproductive 
event, the likelihood of  surviving to the next decreases (Williams 
1966). Therefore, individuals with low residual reproductive value 
(RRV; an individual’s expectation for future progeny), could maxi-
mize their fitness by investing relatively more in the current repro-
ductive event, despite the likelihood that this may decrease their 
longevity. Individuals with high RRV should do the opposite, al-
locating more to future reproduction instead. This phenomenon, 
called the “terminal investment” hypothesis (Clutton-Brock 1984), 

has been empirically supported in a range of  taxa (for an extensive 
review of  terminal investment, see Duffield et al. [2017]). However, 
how specific factors (such as age or an immune challenge) may in-
teract to alter an individual’s RRV, and therefore the threshold for 
terminal investment, remains poorly understood.

An important theoretical prediction of  the terminal invest-
ment hypothesis is that the switch in investment is dependent on 
an individual’s RRV. Intrinsic factors, such as age, have the po-
tential to affect an individual’s RRV. Typically, RRV is expected 
to decrease with age, and evidence for age-dependent terminal 
investment has been found in males and females in both verte-
brates (Velando et al. 2006; Descamps et al. 2007) and inverte-
brates (Shoemaker et al. 2006; Lafaille et al. 2010; Heinze and 
Schrempf  2012; Gonzalez-Tokman et al. 2013; Farchmin et al. 
2020). However, a decrease in RRV with age is not universal, and 
there is evidence that it can be compensated for in some taxa, via 
age-related learned foraging behaviors (Desrochers 1992; Froy et 
al. 2015) or improvements in reproductive effort (Curio 1983).

A number of  extrinsic factors can also affect RRV, either by di-
rectly influencing reproduction (e.g., mate availability; Duffield et al. 
2017) or indirectly by altering the perceived probability of  survival 
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(Bonneaud et al. 2004). One key extrinsic factor that has received 
substantial empirical attention is infection (Adamo 1999; Sadd et al. 
2006; Cotter et al. 2011; Hendry et al. 2016; Miyashita et al. 2019; 
Jehan et al. 2021). Traditionally, it was believed that when individ-
uals face a threat to their survival, they should transfer investment 
away from reproduction and toward recovery and defense (thereby 
investing in future reproductive opportunities) (Svensson et al. 1998; 
Adamo et al. 2001; Jacot et al. 2004). However, increasing evidence 
suggests that some infected organisms instead increase their invest-
ment in reproduction, consistent with the terminal investment hypo-
thesis (Bonneaud et al. 2004; Sadd et al. 2006; Hendry et al. 2016). 
Studies manipulating an individual’s perceived survival via an im-
mune challenge have typically used a single dose of  a parasite or 
pathogen (Adamo 1999; Nielsen and Holman 2012). More recently, 
papers have manipulated variation in the intensity of  immune chal-
lenges (Copeland and Fedorka 2012; Hendry et al. 2016; Duffield 
et al. 2018; Duffield et al. 2019; Duffield et al. 2020). For example, 
in the pea aphid, Acyrthosiphon pisum, reproductive output increased 
only after a high, but not a low, dose of  a live pathogen (Hendry et 
al. 2016). Together, these results provide support that the intensity of  
the cue (e.g., the pathogen dose) can be viewed as a threshold trait 
for eliciting terminal investment. Inactive immune elicitors (such as 
heat-killed bacteria, lipopolysaccharides [LPS], Sephadex beads, or 
peptidoglycans [PGN]), which mimic a natural infection, without 
the confounding effects of  physiological sickness (Milutinovic and 
Kurtz 2016), have also been used to stimulate an immune response 
and decouple host responses to perceived infection or infection risk.

The switch to increase or decrease reproductive investment exists 
on a continuum, where individuals reduce investment when RRV 
is high, and terminally invest when it is low. It is increasingly clear 
that both intrinsic and extrinsic factors have the ability to affect an 
individual’s RRV and are likely to act in concert. Recent theoretical 
models suggest that the intensity of  the cue required to elicit ter-
minal investment is context-dependent and dynamic (Duffield et al. 
2017). These dynamic terminal investment threshold models sug-
gest that individuals have a baseline RRV, and any further intrinsic 
or extrinsic factors acting on an individual can alter this threshold 
for terminal investment but may not result in death. For example, 
age may modify the intensity of  the second cue that is required to 
elicit terminal investment (Duffield et al. 2017). Due to the differ-
ence in RRV between young and old individuals, the intensity of  
a terminal investment trigger, such as the strength of  an immune 
challenge, should be lower for older individuals. Whereas younger 
individuals will require a higher dosage to elicit terminal invest-
ment. Here, terminal investment is defined as an increase in repro-
ductive investment which exceeds the baseline (i.e., the mean value 
for the control treatment).

Several studies have looked at the impact of  age and immune 
challenge on terminal investment, with some finding evidence of  
an interactive effect on the terminal investment threshold. For ex-
ample, in the blue footed booby, Sula nebouxii, both the number of  
hatchlings and fledglings was higher for older males challenged 
with an immune elicitor compared with a control (Velando et al. 
2006). Similarly, young male decorated crickets, Gryllodes sigillatus, 
immune challenged with heat-killed Escherichia coli, reduced calling 
effort at all levels of  a bacterial infection, whilst older males in-
creased their calling effort at moderate and high dosages, sug-
gesting that only the older males may be terminally investing 
(Duffield et al. 2018).

A potential criticism of  terminal investment studies is that they 
frequently only assess one pre- or post-copulatory trait as a measure 

of  an individual’s reproductive investment (Jacot et al. 2004; 
Barribeau et al. 2010). However, the direction of  impact of  one 
trait might not be comparable for all others, especially when trade-
offs are expected between different reproductive traits, e.g., between 
pre- and post-copulatory traits (Simmons et al. 2017). Therefore, 
by measuring single traits in isolation, studies may fail to detect the 
overall impact of  terminal investment on sexual selection. Indeed, 
it is unclear if  terminal investment differentially affects pre- or post-
copulatory reproductive investment. For example, a study on the 
southern ground cricket, Allonemobius socius examined the acoustic 
signaling and mating success of  males challenged with different 
doses of  an immune elicitor. At higher doses, older males exhib-
ited terminal investment in acoustic signaling, with the opposite 
pattern observed for younger males. However, there was no effect 
on mating success, demonstrating that not all pre-copulatory re-
productive behaviors respond comparably (Copeland and Fedorka 
2012). This may be because traits vary in their response to a re-
duced RRV (Duffield et al. 2017), and highlights the importance of  
considering the plasticity of  multiple reproductive traits.

The Pacific field cricket, Teleogryllus oceanicus, is an ideal species 
to explore dynamic thresholds of  terminal investment, as their pre- 
and post-copulatory traits, and how these covary with immuno-
competence, have been well-studied (Simmons and Roberts 2005; 
Simmons 2012; McNamara et al. 2014). Males produce multi-
modal sexual signals to attract females (acoustic and chemical) 
(Simmons et al. 2013b). The acoustic signal is comprised of  both 
a long-range mate attraction call (the advertisement call), and a 
short-range call to elicit copulation (courtship call) (Hack 1997; Zuk 
et al. 2008). Female T. oceanicus prefer courtship calls with higher 
duty cycles (higher rates of  call syllable production) (Simmons et al. 
2013b) and longer calls (Rebar et al. 2009). And, importantly, male 
acoustic signals correlate with immunocompetence (Tregenza et al. 
2006; Simmons et al. 2010), suggesting that calls are susceptible to 
changes in immune function. Male crickets also produce a spermat-
ophore, a proteinaceous container filled with sperm and seminal 
fluid proteins (Simmons 2012; Sturm 2014). Male post-copulatory 
investment (ejaculate quality) in T. oceanicus correlates with immu-
nity, both genetically and phenotypically (Simmons and Roberts 
2005), which is supported by the reduction in male sperm viability 
following an experimental immune challenge (Simmons 2012).

We examined the effect of  male age and immune status on ter-
minal investment strategies, to test for evidence of  a dynamic ter-
minal investment threshold. Here, we provided young or old adult 
male T. oceanicus with immune challenges of  increasing strength, and 
then quantified male pre-copulatory (courtship call and mating at-
tractiveness) and post-copulatory (ejaculate size) investment. We pre-
dicted, given the theoretical expectations of  the dynamic threshold 
model that older males would exhibit terminal investment, in the 
form of  increased reproductive effort, at lower dosages of  a bacte-
rial challenge, whilst the opposite would be true for younger males. 
Finally, although theoretical and empirical studies demonstrate trade-
offs between pre- and post-copulatory traits (Simmons et al. 2010; 
Mehlis et al. 2015; Simmons et al. 2017), it is not clear whether such 
trade-offs should be expected under terminal investment.

METHODS
Stock population

Experimental crickets were obtained from a large out-bred lab-
oratory population (>1000 individuals) of  Pacific field crickets 
(Teleogryllus oceanicus) originally collected from Carnarvon, 
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Western Australia. Individuals were reared in large containers 
(25  ×  14  ×  17  cm) containing egg cartons for shelter, ad libitum 
water and cat chow and held at a constant temperature (25 °C) on 
a 12-h light: 12-h dark photoperiod. Experiments were conducted 
under a red-light, to simulate darkness (Schaefer and Wilkinson 
2004).

Age and immune status treatments

To examine simultaneously the effect of  male age (and RRV) and 
immune challenge on terminal investment strategies, male stock 
penultimate-instar crickets were isolated in individual plastic con-
tainers (7  ×  7 × 5  cm) with ad libitum cat chow and water. On 
the day of  adult eclosion, males were haphazardly assigned to one 
of  two treatments which manipulated the age at which they were 
exposed to an immune challenge. “Young” males (n = 90 males) 
received the challenge 10 days after adult eclosion (the approximate 
age at which males become sexually mature; Simmons 2012); “old” 
males (n = 108 males) received the challenge 20 days after adult 
eclosion (which is approximately 75% of  the average adult lifespan 
in the laboratory stock population [N.R., personal observation]). 
Within the two male age treatments, males were allocated to re-
ceive one of  four doses of  an immune challenge treatment. First, 
already formed spermatophores (if  present) were removed from the 
male’s genital pouch. Then, males were haphazardly assigned to 
receive a lipopolysaccharide (LPS) (Serratia marcescens; Sigma-Aldrich 
L6136) solution containing either: 0% (Control), 0.1%, 0.5%, or 
1% LPS. The LPS was dissolved in 10 µL of  phosphate-buffered 
saline and injected intra-abdominally with a micro-syringe (2000; 
SGE Analytical Science). The needle was between the second and 
third segment on the cricket’s ventral side. LPS is a component of  
the bacterial cell wall that induces an immune response (mimicking 
a bacterial infection), without the confounding effects of  physio-
logical sickness (Duffield et al. 2017). The LPS doses were selected 
based on the literature for comparable invertebrate studies, control-
ling for body size (Copeland and Fedorka 2012; Simmons 2012). 
LPS dosages were made from a single vial. We recorded male mor-
tality due to age and LPS dose. All subsequent assays were con-
ducted blind to the experimental treatment.

Male reproductive investment

Twenty-four hours after his immune challenge, we assayed four 
measures of  male pre- and post-copulatory reproductive invest-
ment: male courtship call, mating behavior, offspring production, 
and spermatophore weight.

To assess the effect of  an immune challenge and age on court-
ship call and mating behavior, a virgin experimental male was 
paired with a virgin 10-day-old stock female. The male was placed 
in a small plastic container (14 × 10 × 7 cm) which was lined with 
soundproofing foam (4.5  cm thick). The female was placed in a 
small mesh-enclosed container (7  ×  6  cm) inside the male’s con-
tainer, prohibiting physical contact, but allowing transfer of  visual 
and chemical cues. Courtship calls were recorded using a Digitech 
digital voice recorder (XC-0383). After 2  min, the female was re-
leased from the mesh container and the pair were permitted to 
court and mate. Pairs were given 30 min to mate and were observed 
for the duration, or until a successful mating had taken place. If  a 
male did not mate within this time, he was given a new female for 
an additional 30 min (courtship call was not recorded). If  a male 
did not mate after this period, he was returned to his rearing con-
tainer and recorded as unmated. For all trials, we recorded the 

latency until calling, the total time spent calling and the structure 
of  the call (see below). Additionally, we measured the time taken for 
the female to mount the male, and the time for the spermatophore 
to be transferred.

To assess whether male age or immune challenge affected male 
offspring production, mated females were transferred to a new 
container (7  ×  7 × 5  cm), containing ad libitum water, cat chow 
and a Petri dish (4 × 1.5  cm) containing wet sand for oviposition 
(a sand pad). Eggs were collected every 4 days for a total of  8 days. 
Eggs were rinsed from the sand, counted, and placed onto a moist 
cottonwool pad following Jones et al. (2015). Eggs were assessed 
daily for 3 weeks for signs of  hatching. The total number of  eggs 
laid, and number of  eggs hatched was recorded.

Next, we assessed the impact of  immune challenge and age on 
male spermatophore weight (wet mass). Three hours after the com-
pletion of  the courtship call and mating behavior assay, each male 
was given 30 min to mate with a 10-day-old stock female. The sper-
matophore (the second produced by each male) was removed im-
mediately from the female (the sperm-containing ampulla of  the 
spermatophore is attached externally to the female) and weighed 
to the nearest 0.01  mg on a Mettler Toledo balance (XS205). 
Spermatophore weight was highly repeatable across consecutive 
measurements of  an individual spermatophore (ρ = 0.95, n = 9, P 
< 0.001). If  a male did not mate within 30 min, the male was pre-
sented with a novel female for an additional 30 min. Males that did 
not mate were recorded.

Finally, all males were returned to their containers, provided with 
ad-libitum food and water and checked daily for survival.

Bioacoustic analysis

Variation in male courtship calls was quantified using Audacity 
(v.2.4.2; Audacity team, 2021). Each recording was first filtered to 
remove background noise at <3.5  kHz following Simmons et al. 
(2013b), and two measures related to courtship calling were as-
sessed: (1) call structure and (2) male calling investment.

The courtship call of  T. oceanicus consists of  two parts, the chirp 
and trill. These are both comprised of  a series of  pulses, where 
each pulse corresponds to a single wing closure. We haphazardly 
selected four consecutive courtship calls for each male. For each 
call, we quantified nine parameters, known to impact female mate 
choice following Simmons et al. (2013b) (Figure 1).

For CPI, we measured the mean interval between the first and 
second pulses and the second and third pulses of  the chirp, and 
for CPD, we measured the first and second pulses in the chirp. 
Similarly, for TPD, we calculated the mean of  the fifth and sixth 
pulses of  the trill. For TPI, we calculated the mean interval be-
tween the fifth and sixth and the sixth and seventh pulses.

Additionally, we calculated the rate of  courtship calls from the 
first 2 min of  calling (regardless of  whether this was before or after 
males and females were allowed physical contact). Here, we calcu-
lated the number of  bouts (defined as a section of  repetitive calls 
with a less than 5-s pause between calls) within the 2 min, the du-
ration of  each bout, the number of  calls within each bout, and the 
inter-bout interval. We were then able to calculate the overall rate 
of  calling over the 2-min period.

Data analysis

Data were analyzed using R (v1.1.456) (R Core Team 2020; 
RStudio Team 2020). Data were inspected for normality prior 
to analysis and transformed to maximize the normality of  the 
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model residuals (the exponent used was recorded for each anal-
ysis, included in figures or within the analysis tables). For all 
models, male age, LPS dose (and their interaction), and male 
relative weight were entered as fixed effects. Where the in-
teraction between LPS dose and age was nonsignificant, we 
present the model parameters for the interaction, but the re-
maining model parameters are for models rerun without the 
interaction. We used relative male weight ([trait value – av-
erage trait value]/standard deviation trait value) to control for 
the decline in weight with male age, as we weighed males just 
prior to injection (at either 10- or 20-day post adult-eclosion). 
Tukey’s post-hoc tests were used, where stated, to reveal sources 
of  significance in treatment levels and to control for multiple 
comparisons.

We used generalized linear models with a binomial error distri-
bution for models exploring the likelihood of: a male dying; male 
calling or mating and oviposition. For the likelihood of  oviposi-
tion, female age and weight were included as covariates. We used 
general linear models to explore variation in the latency to male 
calling and mating (here, female age, weight and if  a second fe-
male was required were included as covariates), the number of  
ejaculates a male produced, and male adult longevity (here, the 
number of  ejaculates produced was included as a covariate). 
We examined fertility using a generalized linear model with a 
quasi-binomial error distribution, to control for the significant 
overdispersion in this model (here, female age and weight were in-
cluded as covariates).

For analyses of  call structure, a principal components analysis 
(PCA) was used. The PCA returned three axes of  variation with 
eigenvalues greater than one (PC1, PC2, and PC3). These were 
then used as the response variables in three principal component 
general linear models.

We analyzed the number of  calls in the first calling bout, 
using a generalized linear model with a Poisson error distri-
bution. We analyzed the total number of  calling bouts using 
a general linear model. We explored variation in the length 
of  individual bouts, the number of  calls within the bout and 
the length of  the inter-bout intervals across the 2-min testing 
period, using general linear models with the addition of  bout 
number as a covariate.

As we have run a considerable number of  analyses on our data, 
we additionally report an r2 statistic for each model, following 
Nakagawa (2004).

RESULTS
Pre-assay mortality

Of  the 90 males assigned to the “young” treatment and 108 
males assigned to the “old” treatment, 4.4% and 14.8% died 
prior to immune challenge, respectively. Of  the individuals in-
jected with the control, 0.1%, 0.5%, and 1% LPS solution, 0/47, 
1/37, 5/42, and 16/50 died, respectively. The likelihood of  
dying before the mating assay varied across the LPS treatments 
(χ2 = 27.6; P = 0.000004) and decreased with male weight (χ2 = 
8.69; P = 0.003). Post-hoc tests revealed that males who received 
a 1% dose were more likely to die than males that received any 
other dose. There was, however, no effect of  male age (χ2 = 0.51; 
P = 0.48).

We acknowledge the potential for selection due to the increased 
mortality associated with the 1% LPS dose. Thus, while we have 
included the 1% LPS dose in our analyses, we also present our 
analysis with this dose removed in Supplementary Materials 
(Supplementary Tables S3–S10). However, we note that the results 
are highly comparable, suggesting a limited effect of  this apparent 
selection on our results.

Male reproductive investment

Male courtship call structure
A PCA was used to summarize variation in calling parameters (fol-
lowing Simmons et al. 2013b). The PCA returned three principal 
components with an eigenvalue greater than 1 (Supplementary 
Table S1). These principal components explain 71.1% of  the var-
iation in call structure. The variation in call structure was charac-
terized primarily by the first principal component (PC1). Variation 
in PC1 was associated with chirp duration, trill duration, and chirp 
pulse number. Principal component 2 (PC2) was associated with 
chirp pulse duration, chirp-trill interval, and trill pulse interval and 
trill pulse duration. Principal component 3 (PC3) exhibited strong 
correlation with chirp pulse interval and trill pulse number. Male 
courtship call structure (summarized by PC1, PC2, and PC3) was 
not affected by the experimental treatments, or male body size 
(Table 1).

Male calling investment
The likelihood that a male called was unrelated to LPS dose, age, 
or relative male weight (Table 2). For all sample sizes used in the 
following models, see Supplementary Table S2.

CTI

CPI TPI TPDCPD

TDCD

Figure 1
Waveform of  a single artificially-constructed courtship call of  Teleogryllus oceanicus. CD = chirp duration, CPI = chirp pulse interval, CPD = chirp pulse 
duration, CTI = chirp-trill interval, TD = trill duration, TPI = trill pulse interval, TPD = trill pulse duration. Modified from Simmons et al. (2013b).
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The latency until a male called varied with the LPS dose (Table 
2, Figure 2). Post-hoc tests revealed a difference between the 0.5% 
and 0.1% LPS dose. Latency until calling was not affected by male 
age, or relative male weight.

The number of  calls in the first calling bout was affected by an 
interaction between age and LPS dose (Table 3, Figure 3), as well as 
male weight. Post hoc tests reveal this was driven by “young” males 
who received a 0.1% dose calling significantly less than “young” 
males who received a control solution. We recognize that we have 
run numerous tests, however, the R2 value for this model suggests it 
is a good fit (Table 3).

Similarly, we also examined the length of  each bout, and the 
number of  calls within each bout. Male age, LPS dose and male 
weight had no effect on these traits (Tables 3 and 4). However, the 
inter-bout interval was longer for older males, and increased with 
bout number, but was not affected by LPS dose or male weight 
(Table 4). Moreover, male age and LPS dose had an interactive ef-
fect on the total number of  calling bouts (Table 3). Post-hoc tests 
revealed that older males, but not younger males, who received a 
0.1% or 1% dose of  LPS had more calling bouts than older control 
males.

We also examined variation in male mating behavior (the latency 
to mating, the likelihood of  mating success, and total number of  
matings achieved). We found no impact of  LPS dose, male age (or 
their interaction), or male weight on these traits (Table 5).

Male offspring production
The likelihood of  a male’s partner laying eggs was affected by LPS 
dose (Table 6). Post hoc tests reveal this was driven by males who 
received a 1% dose siring more offspring than males who received a 
0.1% dose of  LPS. The likelihood of  laying eggs increased with fe-
male weight, but decreased with male weight and was not affected 
by male or female age.

We also examined variation in the total number of  eggs sired 
by a male, and the proportion that hatched. Neither of  these traits 
were affected by LPS dose, male age, male weight, or female age or 
weight (Table 6).

Spermatophore weight
The weight of  the spermatophore produced by a male was pos-
itively related to male age and relative male weight, but was 

Table 2
The effect of  male age and LPS dose on male calling behavior

 

Likelihood of  calling (R2 = 0.06) Latency to calling (^0.04) (R2 = 0.1)

Parameter estimate Statistic P Parameter estimate Statistic P 

Intercept 2.03 ± 0.52 z = 3.90 0.00 1.08 ± 0.006 t = 181.02 0.00
Age χ2

1 = 0.14 0.70 F1,95 = −1.51 0.22
 � Age (young) 0.16 ± 0.42 z = 0.37 0.71 0.007 ± 0.006 t = 1.23 0.22
LPS χ2

3 = 3.31 0.34 F3,95 = −2.78 0.05
 � LPS (0.1) −0.76 ± 0.62 z = −1.21 0.23 −0.02 ± 0.008 t = −2.14 0.03
 � LPS (0.5) −0.54 ± 0.64 z = −0.85 0.87 0.004 ± 0.008 t = 0.53 0.60
 � LPS (1) −1.07 ± 0.62 z = −1.73 0.08 −0.01 ± 0.008 t = −1.35 0.18
Relative male weight −0.36 ± 0.23 χ2

1 = 2.59 0.11 0.0005 ± 0.003 F1,95 = 0.03 0.86
LPS × Age χ2

1 =1.92 0.59 F3,92 = 0.09 0.96
 � LPS (0.1) × Age (young) z = 0.70 0.48 t = −0.21 0.83
 � LPS (0.5) × Age (young) z = −0.12 0.90 t = −0.53 0.60
 � LPS (1) × Age (young) z = 0.97 0.33 t = −0.15 0.88

The term after the ± is standard error. Bolded values are significant, with P < 0.05. Parameter estimates for each level of  non-significant LPS dose × age 
interactions are not reported.

Table 1
Model summaries for the effect of  LPS dose, male age, and their interaction on the three principal components

 

PC1 (R2 = 0.05) PC2 (R2 = 0.09) PC3 (R2 = 0.03)

Parameter estimate Statistic P Parameter estimate Statistic P Parameter estimate Statistic P 

Intercept −0.25 ± 0.39 t = 0.65 0.52 0.24 ± 0.34 t = 0.70 0.49 0.01 ± 0.33 t = 0.04 0.97
Age F1,78 = 1.04 0.31 F1,78 = 0.0001 0.90 F1,78 = 0.09 0.90
 � Age (young) 0.43 ± 0.42 t = 1.02 0.31 −0.00 ± 0.38 t = −0.01 0.99 0.03 ± 0.36 t = 0.10 0.92
LPS F3,78 = 0.38 0.77 F3,78 = 1.15 0.33 F3,78 = 0.27 0.85
 � LPS (0.1) 0.36 ± 0.47 t = 0.76 0.45 −0.05 ± 0.42 t = −0.13 0.90 0.15 ± 0.40 t = 0.38 0.71
 � LPS (0.5) −0.08 ± 0.50 t = 0.17 0.87 −0.77 ± 0.44 t = −1.73 0.09 −0.07 ± 0.42 t = −0.18 0.86
 � LPS (1) −0.12 ± 0.49 t = −0.25 0.80 −0.26 ± 0.44 t = −0.59 0.56 −0.23 ± 0.41 t = −0.55 0.58
Relative male weight −0.31 ± 0.21 F3,78 = 2.13 0.15 0.18 ± 0.19 F1,78 = 0.91 0.34 0.01 ± 0.18 F1,78 = 0.001 0.97
LPS × Age F3,75 = 0.19 0.90 F3,75 = 0.99 0.40 F3,75 = 0.37 0.78
 � LPS (0.1) × Age (young) t = 0.27 0.79 t = 1.14 0.26 t = −0.84 0.41
 � LPS (0.5) × Age (young) t = −0.50 0.62 t = 0.94 0.35 t = 0.11 0.92
 � LPS (1) × Age (young) t = 0.14 0.89 t = −0.40 0.69 t = −0.59 0.56

The term after the ± is standard error. Parameter estimates for each level of  non-significant LPS dose × age interactions are not reported.
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unaffected by LPS dose, or the number of  the male’s prior matings 
(Table 7).

Male adult longevity

Adult longevity was not affected by LPS dose, the number of  pre-
vious matings or male weight. However, longevity post-injection 
was affected by male age, with males assigned to the older 

treatment group living longer than those assigned to the younger 
group (Table 7).

DISCUSSION
We explored the impact of  male RRV on terminal investment 
strategies, to test specifically for evidence of  a dynamic terminal 
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Figure 2
The effect of  LPS dose on the latency to calling (mins) (^0.04). The number in parentheses represents the exponent of  the transformation. Box plots represent 
the median (line), interquartile range (box), 95% confidence intervals (whiskers), and outliers (points). n Control = 31, 0.1% = 22, 0.5% = 26, 1% = 22.
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investment threshold. Our data revealed three key findings re-
lated to terminal investment in T. oceanicus. First, it provides lim-
ited support for the dynamic terminal investment threshold: there 
was no consistent evidence of  a positive interaction between 
male age and immune challenge intensity on male reproductive 

investment. Second, we found some evidence of  terminal invest-
ment; older males produced a larger spermatophore than younger 
males. Third, male calling rate was age-dependent: older males 
had a slower calling rate (longer inter-bout intervals), compared 
with younger males. The increased ejaculate size combined with 

Table 3
The effect of  male age and LPS dose on male calling bouts

 

Calls within bout one (R2 = 0.34) No. of  calling bouts (^0.6) (R2 = 0.11) Bout length (^0.4) (R2 = 0.03)

Parameter estimate Statistic P Parameter estimate Statistic P Parameter estimate (×10−2) Statistic P 

Intercept 1.94 ± 0.12 t = 
16.66

0.00 1.51 ± 0.12 t = 12.68 0.00 112 ± 0.90 t = 
121.41

0.00

Age χ2
1 = 

5.82
0.02 F1,178 = 1.02 0.98 F1,178 = 

0.004
0.95

 � Age 
(young)

0.36 ± 0.15 t = 2.39 0.02 0.37 ± 0.16 t = 2.31 0.02 −0.04 ± 0.70 t = 
−0.06

0.95

LPS χ2
3 = 

6.68
0.08 F3,178 = 1.02 0.31 F3,178 = 

0.27
0.85

 � LPS (0.1) 0.12 ± 0.16 t = 0.71 0.48 0.49 ± 0.15 t = 3.20 0.002 −0.60 ± 0.90 t = 
−0.62

0.54

 � LPS (0.5) 0.005 ± 0.16 t = 0.03 0.98 0.38 ± 0.15 t = 2.49 0.01 −0.70 ± 0.90 t = 
−0.75

0.45

 � LPS (1) 0.35 ± 0.16 t = 2.20 0.03 0.71 ± 0.16 t = 4.42 <0.001 −0.8 ± 0.1 t = 
−0.80

0.42

Relative male 
weight

−0.15 ± 0.05 χ2
1 = 

10.82
0.001 0.07 ± 0.04 F1,178= 2.51 0.11 −0.1 ± 0.4 F1,178 = 

0.13
0.72

Bout number NA NA NA NA −0.4 ± 0.3 F1,178 = 
1.94

0.17

LPS × Age χ2
3 = 

13.24
0.004 F3,175 = 3.80 0.01 F3,17 5= 

0.52
0.67

 � LPS (0.1) 
× Age 
(young)

−0.62 ± 0.23 t = 
−2.74

0.006 −0.52 ± 0.22 t = −2.40 0.02 t = 
−0.66

0.51

 � LPS (0.5) 
× Age 
(young)

−0.48 ± 0.24 t = 
−2.02

0.04 −0.36 ± 0.23 t = −1.59 0.11 t = 0.54 0.59

 � LPS (1) 
× Age 
(young)

−0.76 ± 0.23 t = 
−3.28

0.001 −0.74 ± 0.23 t = −3.24 0.001 t = 
−0.25

0.81

The term after the ± is standard error. Bolded values are significant, with P < 0.05. Parameter estimates for each level of  non-significant LPS dose × age 
interactions are not reported.

Table 4
The effect of  male age and LPS dose on male calling bouts (continued)

 

Calls within each bout (^0.04) (R2 = 0.03) Inter-bout interval (^0.04) (R2 = 0.12)

Parameter estimate Statistic P Parameter estimate Statistic P 

Intercept 1.06 ± 0.008 t = 130.12 0.00 1.13 ± 0.01 t = 127.75 0.00
Age F1,178 = 0.002 0.97 F1,100 = 4.01 0.05
 � Age (young) −0.0002 ± 0.006 t = −0.04 0.97 −0.01 ± 0.01 t = −2.00 0.05
LPS F3,178 = 0.48 0.70 F3,100 = 0.77 0.51
 � LPS (0.1) −0.009 ± 0.008 t = −1.07 0.29 t = −1.46 0.15
 � LPS (0.5) −0.004 ± 0.008 t = −0.54 0.60 −0.01 ± 0.01 t = −0.58 0.56
 � LPS (1) −0.001 ± 0.009 t = −0.12 0.90 −0.01 ± 0.01 t = −0.89 0.38
Relative male weight 0.0002 ± 0.003 F1,178 = 0.003 0.97 −0.004 ± 0.003 F1,100 = 1.70 0.20
Bout number −0.004 ± 0.002 F1,178 = 3.09 0.08 −0.01 ± 0.002 F1,100 = 4.75 0.03
LPS × Age F3,175 = 0.04 0.99 F3,97 = 0.41 0.74
 � LPS (0.1) × Age (young) t = −0.17 0.87 t = −0.15 0.88
 � LPS (0.5) × Age (young) t = 0.15 0.88 t = 0.003 0.99
 � LPS (1) × Age (young) t = −0.14 0.89 t = 0.79 0.43

The term after the ± is standard error. Bolded values are significant, with P < 0.05. Parameter estimates for each level of  non-significant LPS dose × age 
interactions are not reported.
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a reduced calling intensity in older males may reflect a condition-
dependent trade-off between pre- and post-copulatory traits in T. 
oceanicus.

Evidence for the dynamic terminal investment threshold should 
demonstrate a significant interaction between intrinsic and/or ex-
trinsic cues indicating a reduction in RRV. We predicted a signifi-
cant interaction between LPS dose and male age, where even at low 
doses of  an immune challenge, older individuals should display ter-
minal investment via upregulated reproductive effort. In contrast, 
for younger individuals, we hypothesized that only higher doses of  
LPS would elicit terminal investment. However, we found no clear 
evidence that either of  these scenarios held for any of  the repro-
ductive traits measured. Although, we note that our relatively small 
sample sizes mean that we have low statistical power. We observed 
two interactions between LPS dose and age. First, in the number of  
calls produced by a male in his first calling bout: young males who 
received a 0.1% dose of  LPS produced fewer calls in their first bout 
than males who received a control solution. While for older males 
there was no difference in calls for the different LPS doses. This 
result provides tentative evidence of  a dynamic terminal invest-
ment threshold, whereby younger males show a cost of  resistance 
at low doses of  an immune challenge, but then revert back into 
investment at higher doses, while older males maintain reproduc-
tive effort. However, this failed to meet our criteria for terminal in-
vestment, as the average call rate of  the immune challenged males 
did not exceed that of  the control. Rather, as courtship calls are 
critical to secure a mating in this species, this suggests that young 
males may downregulate reproductive investment (Copeland and 
Fedorka 2012; Duffield et al. 2018), potentially to increase immune 
response against the immune challenge. Why this should occur for 
young but not old males is not clear. Such fundamental trade-offs 
between reproduction and immunity are widespread in both inver-
tebrates (Lawniczak et al. 2007; Brokordt et al. 2019) and verte-
brates (Judson et al. 2020). Indeed, a similar reproductive trade-off 
was demonstrated in T. oceanicus, in which males reduced their 
sperm viability in response to a 0.1% dose of  LPS (Simmons 2012). 
However, while dose-dependent effects of  terminal investment 

are common (Schwanz 2008; Duffield et al. 2018), the relation-
ship is not always linear (Kivleniece et al. 2010; Krams et al. 2011; 
Hendry et al. 2016). This raises the possibility that an alternative 
physiological process, such as hormesis, may be occurring in con-
junction with aspects of  terminal investment. Hormesis is a phe-
nomenon where individuals respond strongly to a low than a high 
dose, of  a biological stressor (Calabrese and Mattson 2017), which 
could explain the reduction in reproduction at low doses of  an 
immune elicitor and a return to normal reproduction at a higher 
dose, as seen in terminal investment studies. Disentangling these 
processes requires further investigation. However, defining terminal 
investment as an increase in reproduction that exceeds the control 
level, should reduce the potential for it to be confounded with dose-
dependent physiological processes, such as hormesis.

Interestingly, our second interactive effect between age and LPS 
dose was in the total number of  calling bouts in the 2-min re-
cording window. Older males given a 0.1% or a 1% (but not 0.5%) 
dose of  LPS had more calling bouts than older control males. This 
is in contrast to our earlier result demonstrating that young males 
who received a 0.1% dose of  LPS produced fewer calls in their first 
bout than young males who received a control solution. This sug-
gests that investment into calling is not temporally stable. Moreover, 
as this pattern did not extend to older males given a 0.5% dose 
of  LPS it is unclear if  this result is clear evidence of  terminal 
investment.

We did not find clear evidence for the dynamic terminal invest-
ment threshold, but consistent with the traditional terminal invest-
ment hypothesis, older males (who have intrinsically lower RRVs) 
produced larger spermatophores. Increased male ejaculate size 
often correlates with greater male reproductive success, particularly 
in highly polyandrous species, such as T. oceanicus (Wedell 1997; 
Simmons 2001). In Orthoptera, the weight of  a spermatophore is 
indicative of  not only the amount of  sperm inside (Sturm 2014), 
but also the quantity of  seminal proteins, which also affect fertility 
(Simmons et al. 2013a). Larger quantities of  these non-sperm com-
ponents provide a significant competitive advantage, improving 
male reproductive success by improving both sperm (Wigby et al. 

Table 7
The effect of  male age, LPS dose and their interaction on the weight of  spermatophore and male longevity

 

Weight of  spermatophore (R2 = 0.27) Male longevity (^0.04) (R2 = 0.17)

Parameter
estimates (×10−4) Statistic P Parameter estimates Statistic P 

Intercept 20.0 ± 0.6 t = 28.35 0.00 1.15 ± 0.005 t = 249.84 0.00
Age F1,103 = 14.90 0.0002 F1,146 = 12.30 <0.0001
 � Age (young) −2.0 ± 0.5 t = −3.85 0.0002 −0.01 ± 0.003 t = 4.04 <0.0001
LPS F3,103 = 1.10 0.35 F3,146 = 1.07 0.36
 � LPS (0.1) 0.6 ± 0.7 t = 0.85 0.40 −0.005 ± 0.004 t = −1.26 0.21
 � LPS (0.5) −0.6 ± 0.6 t = −0.97 0.33 −0.002 ± 0.004 t = −0.57 0.57
 � LPS (1) −0.3 ± 0.7 t = −0.38 0.71 −0.007 ± 0.004 t = −1.65 0.10
Relative male weight 0.9 ± 0.3 F1,103 = 13.19 0.0004 0.002 ± 0.001 F1,146 = 2.35 0.3
Number of  prior matings 0.07 ± 0.5 F1,103 = 0.02 0.89 0.004 ± 0.002 F1,146 = 2.63 0.11
Age × LPS F1,100 = 1.26 0.29 F1,146 = 1.25 0.29
 � LPS (0.1) × Age (young) t = −0.39 0.70 t = −1.33 0.19
 � LPS (0.5) × Age (young) t = −1.37 0.17 t = 0.06 0.95
 � LPS (1) × Age (young) t = 1.71 0.09 t = 0.69 0.49

The term after the ± is standard error. Bolded values are significant, with P < 0.05. Parameter estimates for each level of  non-significant LPS dose × age 
interactions are not reported.

476

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/34/3/468/7095297 by U

niversity of M
elbourne Library user on 21 July 2023



Rutkowski et al. • Age, but not an immune challenge, triggers terminal investment in the Pacific field cricket, Teleogryllus oceanicus

2009; Simmons and Beveridge 2011) and offspring viability (Fricke 
et al. 2009; Simmons et al. 2013a).

However, an increase in spermatophore weight is only biologi-
cally significant if  it increases male fitness. We found no evidence 
that increased spermatophore weight correlated with the older 
male’s reproductive success: neither male age nor spermatophore 
weight affected female fecundity. There are three potential explan-
ations for this apparent absence of  a fitness effect. First, female re-
productive output was collected over just eight days (approximately 
55% of  the female reproductive window) (N.R., personal observa-
tion). Thus, our sampling methodology may have reduced the like-
lihood of  detecting a fitness advantage for increased male ejaculate 
size. Second, changes in spermatophore weight may have affected 
unmeasured fitness components. For example, seminal fluid pro-
teins can cause physiological and behavioral post-mating changes 
in females (Gillott 2003; Avila et al. 2011), such as the induction 
of  a refractory period (Liu and Kubli 2003; Fricke et al. 2009). 
Similarly, apolipophorin-III, an important mediator of  antibacte-
rial immunity in crickets (Adamo et al. 2008), which is found in 
the seminal fluid of  T. oceanicus may protect females from bacteria 
introduced into their reproductive tract during mating (Simmons 
et al. 2013a). An assessment of  changes in female post-mating re-
ceptivity, longevity and immunity, all of  which may indirectly af-
fect male reproductive success, may provide insight into whether 
the larger spermatophores of  older males confers a yet unmeas-
ured fitness advantage. Finally, males with larger spermatophores, 
and thus seminal fluid volume, may be better sperm competitors 
(Simmons and Beveridge 2011). While we only allowed a single 
mating, T. oceanicus females are highly polyandrous (Tregenza and 
Wedell 1998; Simmons 2001), and a fitness benefit for larger sper-
matophores may only manifest in multiply mated females.

Male RRV had a mixed impact on the reproductive output of  
their partners. Females who mated with males that received a 1% 
LPS dose had a higher likelihood of  laying eggs than males that 
received a 0.1% dose. However, as males at the highest dose did 
not exceed control males in their likelihood of  siring offspring, this 
is not compelling evidence of  terminal investment. Furthermore, 
females who mated with males challenged with a 1% LPS dose did 
not demonstrate a greater fecundity or fertility. Therefore, despite a 
higher likelihood of  egg laying, the 1% LPS dose does not appear 
to be having a direct impact on male fitness (e.g., via greater off-
spring production). This could be due to male ejaculate quality. In 
T. oceanicus, sperm viability, the proportion of  live sperm in ejacu-
late, is a key predictor of  male fertilization success (Garcia-Gonzalez 
and Simmons 2005). However, a trade-off exists between sperm vi-
ability and immunity, where T. oceanicus males with increased immu-
nocompetence have reduced sperm viability (Simmons and Roberts 
2005; Simmons 2012). A future terminal investment study focusing 
on sperm viability and seminal fluid proteins could provide key in-
formation on the trade-offs between reproduction and immunity.

Interestingly, aside from increased spermatophore weight, there 
was no other evidence of  terminal investment in older males, de-
spite male age eliciting terminal investment behaviors in a number 
of  pre- (Copeland and Fedorka 2012; Gonzalez-Tokman et al. 
2013; Duffield et al. 2018) and post-copulatory traits in other spe-
cies (Velando et al. 2006; Win et al. 2013; Farchmin et al. 2020). 
Rather, we found that older males had a slower calling rate (i.e., 
longer inter-bout intervals) for their courtship song. Female T. 
oceanicus, prefer calls with a higher duty cycle (more sound per unit 
time) (Rebar et al. 2009), and in the sister species T. commodus, fe-
males show a strong preference for male calls which are produced 

at a higher rate (Bentsen et al. 2006; Drayton et al. 2012). There 
are two potential reasons why older males had a decline in calling 
rate. First, it may reflect senescence, due to decreased metabolic 
rate (Hack 1997) or the deterioration of  muscles associated with 
the forewings (Sohal 1976). Second, the energetically expensive 
calling rate may be traded-off against increased ejaculate weight as 
males age. Sperm competition theory suggests a trade-off between 
investment in attracting a mate and investment in ejaculate quality 
(Parker 1998; Parker et al. 2013). Therefore, older males, may pri-
oritize investment in ejaculate quality over courtship call quality 
(which is required to elicit a copulation from an already-present fe-
male). Indeed, there is evidence of  a trade-off between the court-
ship call and the ejaculate of  T. oceanicus (Simmons et al. 2010), 
where increased sperm viability is associated with a reduction in the 
trill element of  the courtship call (females prefer calls with longer 
trill elements; Simmons et al. 2013b). Although we did not find any 
differences in the microstructure of  T. oceanicus calls in response to 
age or LPS dose, it is possible that the costly calling rate is being 
traded-off against spermatophore investment.

There are several issues surrounding the use of  LPS as an im-
mune elicitor. LPS can be cytotoxic and can often be contaminated 
with peptidoglycan (derived from the cell wall of  gram-positive bac-
teria) (Tanaka et al. 2009) and this may have impacted mortality. 
We also note that because of  its toxicity, a reduced RRV in higher 
doses of  LPS may not just reflect a simulated immune infection, 
but a response to toxicity. Indeed, it may be that the higher doses 
caused extreme sickness in males, to the point where they could not 
increase their investment, resulting in a lack of  terminal investment. 
Moreover, studies suggest that peptidoglycan, rather than LPS is 
largely responsible for the stimulation of  the immune response in 
insects (Leulier et al. 2003; Kaneko et al. 2004). Nevertheless, the 
widespread use of  LPS as an immune elicitor (Adamo 1999; Jacot 
et al. 2004; Reaney and Knell 2010; Bowers et al. 2012), and its 
ability to elicit an immune response in T. oceanicus (Simmons 2012), 
suggests it is an appropriate tool to stimulate immune investment 
and manipulate an individual’s RRV.

Our study also demonstrates the importance of  considering se-
lection when examining terminal investment: our experiment was 
subject to potential selection at two points. First, as approximately 
15% of  males allocated to the “old” group died before their im-
mune challenge treatment, there may have been selection for high 
quality males in this cohort. While this is supported by the greater 
longevity of  “old” males, there was, however, no evidence of  re-
duced variance (indicative of  selection) in any of  the fitness traits 
measured for older males. Second, males that survived the 1% LPS 
dose (LD30: where the dosage killed 30% of  the population), should, 
theoretically, be of  higher quality than males in the other cohorts, 
as immunocompetence is a condition-dependent trait (Moller and 
Petrie 2002). Other studies have also used high doses of  bacteria 
to challenge individuals (e.g., LD27) (Adamo 1999; Shoemaker et 
al. 2006), but did not consider the impact of  selection in their in-
terpretation. Ultimately, however, selection did not appear to play 
a significant role in our study as there was no clear evidence of  re-
duced variance in fitness traits in either the older male cohort, or in 
the higher LPS dose treatments. Moreover, we analyzed our results 
both with and without the highest LPS dose (in which selection was 
strongest), and they were qualitatively the same, except for one trait 
(the likelihood of  oviposition). While selection did not appear to 
play a major role in the reproductive traits that we analyzed, the 
potential for selection should be formally considered in studies ex-
ploring terminal investment.
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In conclusion, we found only limited support for the dynamic 
terminal investment threshold: there was no clear evidence of  a 
consistent positive interaction between male age and immune chal-
lenge intensity in 16 of  18 traits investigated. However, we found 
evidence for age-related terminal investment: older males increased 
their ejaculate volume compared with younger males, but also had 
a slower calling rate. This suggests a potential trade-off between 
these two pre- and post-copulatory traits. While T. oceanicus females 
prefer higher calling rates, increased ejaculate size is likely to be im-
portant in determining male competitive fertilization success in this 
highly polyandrous species, potentially prioritizing increased post-
copulatory investment as a terminal investment strategy.
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