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Seasonality in the immune defence of invertebrates can coincide with environmental 
variation but whether it is endogenously regulated, via biological clocks, or affected by 
previous immune challenges remains unclear. Using the native noble crayfish (Astacus 
astacus) held under constant laboratory conditions for a year, we explored (1) potential 
endogenous seasonal variation in immune defence, i.e. the encapsulation response, (2) 
the potential positive effect of repeated challenges with a standardized immune insult 
in subsequent seasons, i.e. long-lasting immune priming, and (3) whether long-lasting 
immune priming is dependent on endogenous seasonality. Independent measurements 
of the encapsulation response in different seasons revealed significant variation and a 
decrease in autumn. This result indicates previously undetected endogenous seasonal 
variation in invertebrate immunity. The weaker immune defence observed in autumn, 
i.e. the reproductive season of crayfish, might be caused by a circannual clock. When 
corrected for endogenous seasonality, we found no evidence for long-lasting immune 
priming.

Introduction

Immune defences have evolved to minimize 
the fitness costs of infections by controlling 
them (Schmid-Hempel 2011). A major assump-
tion in ecological immunology, arising directly 
from life-history theory, is that immune defences 
are costly to produce, maintain and activate, 
and cannot be maximised due to energetic and 
nutritional constraints (Schmid-Hempel 2011). 
Empirical evidence shows that immune defences 

are not only affected by host genotype (verte-
brates: Trowsdale & Parham 2004, invertebrates: 
Lazzaro et al. 2004) and evolution (vertebrates: 
Best & Kerr 2000, invertebrates: Pauwels et 
al. 2010) but also by the features of the indi-
vidual, such as condition, reproductive state and 
sex (Schmid-Hempel 2011). Recently, temporal 
variation in the immune defence of vertebrates 
and invertebrates has received growing interest 
(Kortet & Vainikka 2008, Martin et al. 2008, 
Hawley & Altizer 2011), especially with regard 
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to the underlying mechanisms (Lee & Ederyl 
2008, Watthanasurorot et al. 2011, Noonin et 
al. 2013). Another topic of increasing interest is 
the protective effects of a repeated exposure to 
parasites and pathogens, i.e. immune priming in 
invertebrates (Schmid-Hempel 2011).

Temporal variation in immune defence is of 
interest because it potentially indicates differ-
ences in host susceptibility to and survival from 
infections over time (Kortet & Vainikka 2008, 
Hawley & Altizer 2011). Fluctuations in envi-
ronmental cues, such as photoperiod, tempera-
ture, food availability or pathogen abundance, 
may induce temporal variation in immunity 
directly (Nelson et al. 2002, Kortet & Vain-
ikka 2008) or indirectly due to energetic trade-
offs between immune defence and competing 
behavioural and physiological activities (Kortet 
& Vainikka 2008, Martin et al. 2008), which 
depend on environmental cues. However, some 
empirical studies in vertebrates and invertebrates 
also demonstrate temporal variation in immune 
defence when environmental cues are kept con-
stant (Brock 1983, Lee & Ederyl 2008). This 
endogenous variation is likely to be genetically 
controlled through biological clocks (Sharma 
2003, Paul et al. 2008, Wikelski et al. 2008). 
Biological clocks have evolved in response to 
the periodicity in the environment, and they 
time the behaviour and physiology of an individ-
ual, even in the absence of environmental cues 
(Sharma 2003, Paul et al. 2008, Wikelski et al. 
2008). Recently, an increasing number of studies 
have suggested that circadian (24 h periodicity) 
clocks influence immune defences in vertebrates 
(Keller et al. 2009) and invertebrates (Lee & 
Ederyl 2008, Watthanasurorot et al. 2011, Stone 
et al. 2012, Noonin et al. 2013). However, so far 
only empirical studies in vertebrates indicate an 
endogenous regulation of seasonality in immune 
defence (Brock 1983, Kiank et al. 2007). Their 
results suggest a seasonal (circannual) rhythm 
in immune defence that is probably generated 
by a circannual clock, since the observed pattern 
reoccurred under constant environmental condi-
tions in approximately 12-month cycles (Paul 
et al. 2008). In invertebrates, the endogenous 
regulation of immunity at a seasonal scale has 
received little attention due to the generally short 
lifespan of most invertebrates and, consequently, 

the inherent difficulty in building experimental 
setups at this temporal scale. Nevertheless, sea-
sonal variation in the immune defence of inverte-
brates is observed in the wild (Kortet & Vainikka 
2008, Dissanayake et al. 2011) and can coincide 
with the seasonal pattern of photoperiod and 
temperature (e.g. crustacean studies reviewed 
in Le Moullac & Haffner 2000, Mydlarz et al. 
2006). Therefore, our study aimed to investigate 
the potential existence of endogenous seasonal 
variation in the immune defence of invertebrates, 
here represented by crayfish.

In addition to a potential endogenous regula-
tion, varying and previous exposures to parasites 
and pathogens can cause temporal variation in 
the immune defence of invertebrates. For exam-
ple, Krams et al. (2013) reported that a previous 
immune insult, i.e. a challenge with a nylon 
monofilament implant one week prior, enhanced 
the strength of immune defence, measured as the 
encapsulation response, to a subsequent chal-
lenge with an implant and increased survival 
from a fungal infection in a beetle species. This 
enhanced immune defence to subsequent chal-
lenges in invertebrates is defined as immune 
priming (Schmid-Hempel 2005, Rodrigues et 
al. 2010). Immune priming can be long-lasting 
(Moret & Siva-Jothy 2003, Schmid-Hempel 
2005, Sadd & Schmid-Hempel 2006, Roth & 
Kurtz 2009, Rodrigues et al. 2010) and remain 
for a lifetime in species with a short lifespan, 
such as Drosophila melanogaster (Pham et al. 
2007). Furthermore, immune priming can be 
passed to offspring, potentially due to epigenetic 
effects on immunity (trans-generational immune 
priming: Sadd & Schmid-Hempel 2007, Tidbury 
et al. 2011). Therefore, any seasonal variation in 
immune defence could potentially be explained 
by immune priming. Since recent findings sug-
gest immune priming in crustaceans (Cerenius 
et al. 2003, Kurtz & Franz 2003, Roth & Kurtz 
2009, Pope et al. 2011, McTaggart et al. 2012), 
we examined whether an encountered immune 
challenge in a previous season can actually 
enhance the immune defence of the noble cray-
fish, Astacus astacus, to a repeated challenge in a 
subsequent season.

For several reasons, the noble crayfish is 
an ideal model organism to study factors influ-
encing seasonal variation in immune defence. 
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Immunological research on this and other cray-
fish species has in general drawn considerable 
attention (Söderhäll et al. 1996, Cerenius et al. 
2003, Vazquez et al. 2009), especially because 
the noble crayfish is facing a high risk of extinc-
tion in the wild (Red List Category & Criteria: 
Vulnerable A2, IUCN Red List of threatened 
species) mainly due to the invasive crayfish 
plague. The crayfish plague, caused by the 
oomycete Aphanomyces astaci, can infect many 
crayfish species and is usually lethal to European 
species (Unestam 1972, Jussila et al. 2014; see 
also Aydin et al. 2014). In Finland, the native 
noble crayfish has suffered due to the invasive 
signal crayfish and the associated crayfish plague 
(Westman et al. 2002). Furthermore, the distri-
bution of the noble crayfish extends to the north 
of Europe and has its northern edge in Finland 
(Skurdal et al. 1999, Souty-Grosset et al. 2006), 
where environmental cues and the life history of 
crayfish largely differ between seasons. Investi-
gating potential endogenous seasonal variation 
in their immune defence will hence not only 
contribute to the general understanding of the 
mechanisms driving temporal variation but also 
indicate potential adaptations to strong seasonal-
ity in the environment. Furthermore, both endog-
enous seasonal variation and the effects of pre-
viously encountered immune challenges might 
have implications for the survival of noble cray-
fish from diseases, such as the crayfish plague.

There were three main aims of this study. 
First, we aimed to explore whether noble cray-
fish display endogenous seasonal variation in 
immune defence. For this purpose, we meas-
ured the strength of the encapsulation response 
to a novel, standardized immune insult, i.e. a 
nylon monofilament implant (Rantala & Roff 

2007), under stable laboratory conditions during 
a single year. Second, we examined the effect 
of an immune insult in a previous season on 
the strength of the encapsulation response to 
a secondary immune insult in the subsequent 
season, when the noble crayfish were held in a 
stable environment. Third, we tested whether 
a potential stronger encapsulation response to 
the secondary immune insult in a subsequent 
season, i.e. long-lasting immune priming, would 
be dependent on endogenous seasonality.

Material and methods

Study animals

On 3 August 2008, we obtained 172 two- to 
three-year-old noble crayfish from a commer-
cial crayfish producer in southern Finland. The 
farmed population had been cultured outdoors, 
in a predator-free environment, for several gen-
erations. Their ancestors originated from a large 
number of wild noble crayfish specimens from 
southern Finland. We included 113 crayfish [60 
females, body mass 7.28 ± 3.40 g (mean ± SD), 
and 53 males, body mass 8.23 ± 4.20 g (mean 
± SD)] in the experiments and the analyses 
(Table 1). We collected the data for this study at 
the Experimental Unit of the University of Oulu 
between August 2008 and September 2009. The 
number of crayfish decreased due to mortal-
ity before the primary immune challenge (in 
total 26 individuals) and due to the loss of five 
implants. Furthermore, during the course of the 
experiments, 27 crayfish moulted once and one 
crayfish twice. In total, 19 moultings occurred 
between 8 September and 25 October 2008 and 

Table 1. Details on the noble crayfish (Astacus astacus) and the experimental setup of this study.

Group	 Primary immune challenge	 Secondary immune challenge
	 	
	 Sampling	 n	 Mean	 Males	 Sampling	 n	 Mean	 Males
	 time		  mass	 (%)	 time		  mass	 (%)
			   (g)				    (g)

1	 13 Oct. 2008	 35	 9.2	 48.6	 10 Feb. 2009	 33	 9.1	 48.5
2	 10 Feb. 2009	 29	 6.9	 44.8	 18 May 2009	 23	 7.5	 52.2
3	 18 May 2009	 24	 7.1	 45.8	 27 July 2009	 15	 8.7	 46.7
4	 27 July 2009	 25	 7.2	 48.0	 01 Sep. 2009	 14	 7.4	 42.3
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ten between 30 June and 9 August 2009. The 
moulting cycle is known to affect the immune 
defence of crustaceans (Le Moullac et al. 1997, 
Cheng & Chen 2001, Cheng et al. 2003), poten-
tially due to hormonal changes and energetic 
trade-offs (Martin et al. 2008, Schmid-Hempel 
2011). In order to omit the effect of moulting on 
the strength of the encapsulation response, we 
excluded the moulted crayfish from the study. 
Nevertheless, separate analysis showed that 
including those individuals would not alter our 
results qualitatively.

Laboratory acclimatization

Upon arrival in Oulu, we individually marked 
the crayfish for identification using a white 
marker pen (Textmark 250). We held the crayfish 
individually in compartments, 105 mm (width) ¥ 
145 mm (length) ¥ 230 mm (water depth), built 
in seven 300-l tanks, which were equipped with 
a water flow-through system. We haphazardly 
allocated the crayfish to the tanks and compart-
ments. The individuals in a tank were physically 
but not chemically separated from each other. 
We provided each crayfish with a grey plastic 
tube (75 mm length, 36 mm in inner diameter) 
for shelter and with ad libitum food (carrot, alder 
leaves and periodically fresh fish and shrimps). 
In order to reveal endogenous seasonal variation 
in immune defence, both the light–dark rhythm 
by artificial lighting (light period from 07:00 to 
17:00) and the water temperature (10 ± 1 °C) 
were kept constant throughout the experiment. 
We kept the crayfish under these conditions 
for two months to acclimatise their physiology, 
before starting the experiments.

Experimental setup

As in other invertebrates, encapsulation is one of 
the most important nonspecific cellular defence 
mechanisms in crayfish, whereby a sheath 
of melanin restricts the growth of an invader 
and eventually kills it (Cerenius et al. 2003, 
Vazquez et al. 2009). In order to study endog-
enous seasonal variation in immune defence as 
well as potential long-lasting immune priming, 

we employed the nylon monofilament implant 
method (Rantala & Kortet 2004, Rantala & Roff 
2007) to induce and quantify the encapsulation 
response. This method is an easy and informa-
tive way to obtain a standardized measure of the 
strength of the encapsulation response in ter-
restrial and aquatic arthropods (Smilanich et al. 
2011, Ardia et al. 2012, Dubovskiy et al. 2013, 
Gruber et al. 2014). Furthermore, the strength of 
the encapsulation response to the implant is also 
strongly related to the defence against parasites 
(Rantala & Roff 2007, Smilanich et al. 2009). 
We prepared the nylon monofilament (Stroft 
GTM, Germany, 0.20 mm in diameter) implant, 
as previously described (Gruber et al. 2014), by 
roughening and knotting the line before cutting 
it into 6-mm-long pieces. To ensure sterility, we 
stored the implants in 95% ethanol until they 
were used.

Due to a lack of information about the social 
interactions and exposure to pathogens in the 
past, the individual crayfish may have differed 
in their immune challenge history. However, we 
randomly divided the crayfish into four groups 
with equal sex ratios. To investigate endog-
enous seasonal variation in the strength of the 
encapsulation response, the primary immune 
challenge with an implant of the four groups 
occurred at different time points (seasons) within 
a one-year period, while laboratory conditions 
were kept stable. Due to the limited amount of 
crayfish available, we assessed the strength of 
the encapsulation response in specific months 
that best represent the different seasons in Fin-
land and strongly differ in environmental cues 
(autumn, winter, spring and summer in Finland; 
Table 1). More specifically, we chose mid-Octo-
ber (autumn) because natural waters are becom-
ing colder and mature crayfish have already 
spawned. Early February (winter), on the other 
hand, is usually the coldest period of the year. In 
mid-May (spring) lakes have lost their ice-cover 
and waters have warmed. In late July (summer) 
natural waters are usually at their warmest. In 
order to examine potential long-lasting immune 
priming, we repeatedly challenged the differ-
ent groups with the standardized immune insult 
in the subsequent season (two to four months 
time lag between the challenges; Table 1). We 
implanted the crayfish of the first group through 
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a small puncture, pierced with a sterile needle, in 
the first joint of the left cheliped on 13 October 
2008 (autumn). We removed the implants after 
48 hours and kept them frozen at –20 °C until 
analysis. On 10 February 2009 (winter), we 
repeatedly sampled the encapsulation response 
of the first group according to the method 
described above (but from the right cheliped). In 
addition, the crayfish of the second group were 
primary challenged. On 18 May 2009 (spring), 
additionally to the repeated challenge of the 
crayfish of the second group, we assessed the 
encapsulation response of the third group for the 
first time. On 27 July (summer), we implanted 
the crayfish of the fourth group for the first time 
additionally to the repeated sampling of the third 
group. We assessed the encapsulation response 
of the fourth group for the second time on 1 Sep-
tember 2009. We performed the implantations 
between 11:00 and 19:00 and always removed 
the implants after 48 hours. After removing the 
implants, we always measured the wet body 
mass (to the nearest 0.1 g) of all individuals.

In order to quantify the strength of the 
encapsulation response, we photographed each 
implant from three different angles using a light 
microscope and an attached digital camera. We 
analysed the pictures using the ImageJ program 
(ver. 1.43u, http://rsbweb.nih.gov/ij/) to deter-
mine the grey values of reflecting light. Encap-
sulation response was determined, as previously 
described (Rantala & Kortet 2004), by subtract-
ing the mean of the three grey value measures 
from the grey value of a clear implant (having 
grey value 236).

Statistical analyses

The normality and homoscedasticity of the stud-
ied parameters were visually inspected using 
histograms, normal quantile-quantile (Q-Q) plots 
and boxplots. Additionally, normality and homo-
scedasticity were tested using Shapiro-Wilk’s 
and Levene’s tests. We log-transformed body 
mass and square root-transformed encapsulation 
response in order to meet the assumptions of nor-
mality and homogeneity of variance. We allowed 
the violation of the statistical homogeneity of 
variances in the encapsulation responses, since 

visual inspection revealed that the ratio between 
the largest and smallest variance was below four 
(Fox 2002).

To investigate differences in the mean encap-
sulation response to the primary challenge with 
an implant among seasons, we used an analysis 
of covariance (ANCOVA) after confirming that 
the homogeneity of slopes assumption was ful-
filled (Engqvist 2005). We ran the full model 
with season, sex and their interaction as fixed 
factors, and body mass, measured at the time 
of the primary immune challenges, as a covari-
ate. Non-significant model terms were stepwise 
removed. We employed pairwise comparisons 
among estimated marginal means, using least 
significant difference (LSD) adjustment, to 
investigate differences in the strength of encap-
sulation response among seasons. We also ran a 
generalised linear mixed model (GLMM) with 
season and sex as fixed factors, body mass as a 
covariate and tank as a random factor, to exam-
ine possible tank effects. Additionally, using 
ANCOVA with season and mortality between 
the primary and secondary immune challenge 
as fixed factors, and body mass as a covariate, 
we compared the strength of the encapsulation 
response between the crayfish that died or sur-
vived.

In order to examine potential long-lasting 
immune priming, we investigated the change 
in the strength of the encapsulation response 
between the primary and secondary immune 
challenge of the same individuals among differ-
ent seasons using a repeated measures analysis 
of covariance (RM-ANCOVA). We used the 
encapsulation responses at the two sampling 
occasions (primary and secondary immune chal-
lenge, repeated measure) as the dependent varia-
ble, and season, sex and their interaction as fixed 
factors. We used body mass, measured at the 
same time as the primary immune challenges, as 
a covariate in RM-ANCOVA. Non-significant 
model terms were stepwise removed. Addition-
ally, we employed pairwise comparisons among 
estimated marginal means, using LSD adjust-
ment, to investigate differences in the change of 
the encapsulation response among seasons.

Since we found seasonal variation in the 
strength of the encapsulation response, we tested 
whether potential long-lasting immune priming 
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is dependent on endogenous seasonality or not. 
We corrected for the seasonality effect by com-
paring the strength of the encapsulation response 
between pre-challenged (primary immune chal-
lenge in the previous season) and naïve individu-
als at the same sampling time. Independent indi-
viduals were challenged for the first or second 
time in February, May and July. We were there-
fore able to examine the effect of a pre-challenge 
with an implant on the strength of the encapsula-
tion response to a subsequent challenge for those 
seasons. We ran separate ANCOVAs, with the 
treatment (naïve or pre-challenged) as a fixed 
factors and body mass, measured at the time of 
the primary immune challenges, as a covariate.

Results

Endogenous seasonal variation in 
immune defence

Variation in the mean strength of the encapsula-
tion response varied significantly among seasons 
(Table 2). According to pairwise comparisons 
among estimated marginal means, the mean 
encapsulation response of noble crayfish to the 
primary immune challenge with an implant was 
weaker in October as compared with that in 
February (p = 0.039), May (p = 0.004) and July 
(p = 0.005) (Fig. 1 and Table 1). Variation in the 
mean strength of the encapsulation response also 
tended to differ between the sexes (Table  2). 
Females (5.659 ± 0.124) had, on average, 
a stronger encapsulation response than males 
(5.309 ± 0.131, estimated marginal means ± SE). 
There was no significant interaction between 
season and sex (F3,104 = 1.788, p = 0.154, η2 = 
0.049). The homogeneity of slopes assumption 
in order to run the ANCOVA was fulfilled, since 
no interactions between the fixed factors and 
body mass were significant (p ≥ 0.192).

The strength of the encapsulation response 
did not differ between the seven tanks (GLMM: 
Wald Z = 0.390, p = 0.696). In total, 28 crayfish 
died between the primary and secondary immune 
challenges (Table 1). However, the strength of 
the encapsulation response after the primary 
immune challenge did not differ between the 
crayfish that survived or died (ANOVA: F1,107 = 
0.060, p = 0.807, η2 = 0.001).

Long-lasting immune priming

The change in the strength of the encapsula-
tion response between the primary and sec-
ondary immune challenges was season depend-
ent (Fig. 2 and Table 3). Pairwise comparisons 
among estimated marginal means revealed that 
the mean encapsulation response of crayfish first 
challenged in October significantly increased 
when challenged a second time in February 
(p = 0.003), whereas the mean encapsulation 
response of crayfish first challenged in July sig-
nificantly decreased when challenged a second 
time in September (p = 0.009) (Fig. 2). We 

Table 2. Endogenous seasonal variation in immune 
defence. Results of ANCOVA for testing the effects of 
season and sex on the strength of the encapsulation 
response to the primary immune challenge with a nylon 
monofilament in the noble crayfish, using body mass as 
a covariate. Partial eta-squared (η2) is reported as an 
estimate of effect size.

Source of variation	 F	 df	 p	 η2

Intercept	 125.040	 1,107	 < 0.001	 0.539
Season	 3.991	 3,107	 0.010	 0.101
Sex	 3.783	 1,107	 0.054	 0.034
Log(body mass)	 5.923	 1,107	 0.017	 0.052
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Fig. 1. Endogenous seasonal variation in immune 
defence. Seasonal variation in the strength of the 
encapsulation response to the primary immune chal-
lenge with a nylon monofilament in the noble cray-
fish, which were held under stable laboratory condi-
tions (estimated marginal means ± SE from ANCOVA). 
Encapsulation response was determined, as previously 
described by subtracting the mean of the implant grey 
value measures from the grey value of a clear implant 
(see Material and methods).
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dropped the non-significant factor sex and its 
interaction with season (within- and between-
subject effects p ≥ 0.331) from the model. The 
homogeneity of slopes assumption was fulfilled 
(p ≥ 0.181).

Long-lasting immune priming corrected 
for seasonality

The results of separate ANCOVAs for February, 

May and July revealed that crayfish that were 
pre-challenged with an implant in the previous 
season and naïve crayfish that had never been 
exposed to the implants did not differ in the 
strength of their encapsulation response to a 
nylon monofilament implant (Feb.: F1,62 = 1.596, 
p = 0.211, η2 = 0.025; May: F1,60 = 0.573, p = 
0.453, η2 = 0.013; July: F1,37 = 0.010, p = 0.920, 
η2 < 0.001) (Fig. 3). The increase in the strength 
of the encapsulation response between October 
and February, shown in Fig. 2, is therefore most 
probably explained by seasonality but not by 
long-lasting immune priming. The homogeneity 
of slopes assumptions were fulfilled (p ≥ 0.750).
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Fig. 2. Long-lasting immune priming. Changes in the 
strength of the encapsulation response between the 
primary (1) and secondary (2) immune challenges 
during different seasons (estimated marginal means ± 
SE from the RM-ANCOVA).

Fig. 3. Long-lasting immune priming corrected for sea-
sonality. The effect of a pre-challenge with a nylon 
monofilament on the strength of the encapsulation 
response (estimated marginal means ± SE from sepa-
rate ANCOVAs). Time lag between primary and second-
ary challenges of pre-challenged individuals ≥ 2 months 
(Feb: 4 months; May: 3 months, July: 2 months).

Table 3. Long-lasting immune priming. Results of multivariate repeated measures ANCOVA for determining the 
change in the strength of the encapsulation responses between the primary and secondary immune challenges 
(sampling occasion), measured at different times of the year (season). Partial eta-squared (η2) is reported as an 
estimate of effect size.

Within-subject effects	 Wilks’ λ	 F	 df	 p	 η2

Source of variation
  Sampling occasion	 1.000	 0.014	 1,80	 0.908	 < 0.001
  Sampling occasion ¥ season	 0.838	 5.146	 3,80	 0.003	 0.162
  Sampling occasion ¥ log(body mass)	 1.000	 0.005	 1,80	 0.945	 < 0.001

Between-subject effects		  F	 df	 p	 η2

Source of variation
 I ntercept		  126.577	 1,80	 < 0.001	 0.613
  Season		  1.066	 3,80	 0.368	 0.038
  Log(body mass)		  3.199	 1,80	 0.077	 0.038
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Discussion

Endogenous seasonal variation in 
immune defence

The noble crayfish showed weaker encapsula-
tion responses in October as compared with 
those in the other seasons, as well as a significant 
decrease in the strength of the encapsulation 
response between July and September in the 
following year despite the stable environment. 
These findings indicate that the strength of this 
cellular immune defence mechanism is under 
endogenous regulation in the noble crayfish, 
suggesting an endogenous seasonal (circannual) 
rhythm in immunity (Paul et al. 2008). This 
conclusion is further supported by the recurring 
weaker encapsulation response observed in the 
second autumn. To our knowledge, these results 
provide the first evidence on endogenous sea-
sonal variation in the immune defence of inverte-
brates. Previously, similar endogenous seasonal 
variation and rhythms in immune defence have 
only been reported in vertebrates (Brock 1983, 
Kiank et al. 2007). For example, a stronger 
immune response to and enhanced survival from 
an immune challenge during winter as compared 
with those in summer was found in laboratory 
mice (Kiank et al. 2007).

In boreal environments, noble crayfish are 
exposed to prominent seasonal differences in 
environmental cues, including only few hours 
without daylight, warm water temperatures and 
high food availability during summer, and only 
a few hours of daylight, with cold temperatures 
and less food during winter. Hence, a proper 
timing of behavioural and physiological activi-
ties, especially those related to reproduction, is 
important. It has been suggested that nocturnal 
species that spend most of the light period in 
shelters and species that overwinter in burrows 
might not have sufficient access to important 
environmental cues, such as photoperiod, to time 
their behaviour and physiology accordingly, and 
consequently rely on biological clocks (Sharma 
2003, Paul et al. 2008). In the wild, noble cray-
fish are mainly active during dusk and the dark 
period but spend the day in a shelter, e.g. in bur-
rows (Lundberg 2004). Moreover, snow and ice 
cover, which remains for several months, keep 

the photoperiod and temperature constant rela-
tive to temperate environments without ice-cover. 
That could explain why noble crayfish probably 
possess endogenous timekeeping mechanisms.

One of the current main hypotheses explain-
ing seasonal differences in immune defence pre-
dicts variation in immunity due to physiologi-
cal trade-offs with other seasonal varying func-
tions (Martin et al. 2008). More specifically, the 
allocation of energy to immune defence might 
decline in favour of other competing physi-
ological processes during specific times, such 
as during the breeding or reproductive season 
(Martin et al. 2008, Schmid-Hempel 2011), 
and thus results in weakened immunity. Many 
previous studies in the wild or under natural 
conditions found support for the hypothesized 
resource allocating conflict between reproduc-
tion and immunity, reporting decreased immune 
defence during the reproductive period or during 
specific reproductive stages (e.g. fish: Kortet et 
al. 2003, bivalves: Duchemin et al. 2007, rep-
tilians: French & Moore 2008). Therefore, it is 
possible that the endogenous seasonal variation 
we found in crayfish immune defence, i.e. the 
recurring endogenously driven decrease in the 
strength of the encapsulation response in autumn, 
is related to their reproduction, which in Finland 
occurs during September and October (Kilpinen 
2003). Hence, a genetically programmed and 
self-sustained circannual clock might primarily 
regulate reproduction and indirectly influence 
the strength of immune defence.

Martin et al. (2008) previously pointed out 
that in vertebrates hormonal changes during the 
year, e.g. during reproduction, moulting or over-
wintering, probably mediate seasonal variation 
in immune defence. The same is possibly true for 
invertebrates (Rolff & Siva-Jothy 2003). Demas 
et al. (2011) recently highlighted that the nerv-
ous, endocrine and immune systems are not 
independent of each other but that those systems 
are highly connected in both vertebrates and 
invertebrates. Therefore, it might also be pos-
sible that the circannual clock directly regulates 
the nervous, endocrine and immune systems, and 
that our experimental crayfish underwent endog-
enous changes in both hormones and immune 
defence during autumn, independent of the ener-
getic trade-off with reproduction.
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As many other studies in invertebrates 
(Schmid-Hempel 2011), we also found evidence 
that, as compared with males, noble crayfish 
females had on average a stronger encapsula-
tion response. Although several hypotheses have 
been proposed (see Schmid-Hempel 2011), the 
most probable explanation for the difference in 
the strength of immune defence between males 
and females may be related to sexually dimor-
phic life-history strategies (Rolff 2002). Trivers 
(1972) highlighted that the fitness of females, 
generally investing more in offspring, is lim-
ited by the ability to produce eggs, whereas the 
fitness of males, whose reproductive success 
usually varies more, is limited by the number 
of matings. According to Bateman’s principle 
describing this discrepancy, males gain fitness 
by being competitive and increasing their mating 
success, and females, on the other hand, by lon-
gevity and increasing the number of reproductive 
seasons (Bateman 1948, Schmid-Hempel 2011). 
Therefore, females are predicted to invest more 
in their immune defence in order to increase 
their survival and consequently the number of 
reproductive seasons (Rolff 2002).

Although our results on endogenous sea-
sonal variation in immune defence are the first 
reported in invertebrates, they are a logical con-
tinuation of earlier evidence, demonstrating that 
the immune defence of invertebrates follows 
other endogenous rhythms and is influenced by 
biological clocks of shorter time scales, such 
as circadian (e.g. in Drosophila: Lee & Ederyl 
2008, Keller et al. 2009, Stone et al. 2012, 
or in the signal crayfish, Pacifastacus lenius-
culus: Watthanasurorot et al. 2011, Noonin et 
al. 2013) or even circatidal clocks (e.g. in the 
common shore crab, Carcinus maenas: Hauton 
et al. 1995). For example, Lee and Ederly (2008) 
reported that a circadian clock controls the 
strength of the immune response to and survival 
from a pathogenic infection in Drospohila mela-
nogaster. They observed an identical pattern 
in survival when individuals were held under 
a 12:12 h light-dark cycle or in constant dark-
ness, and, more specifically, found a stronger 
immune response and increased survival in case 
of nighttime infections (Lee & Ederyl 2008). In 
another freshwater crayfish species, two impor-
tant immune defence parameters (the expres-

sion of prophenoloxidase and the number of 
circulating haemocytes) as well as survival from 
a pathogenic infection are also under circadian 
regulation (Watthanasurorot et al. 2011, Noonin 
et al. 2013).

Our study provides the first important step in 
the exploration of endogenous seasonal variation 
in one immune defence parameter of inverte-
brates. However, further studies that examine 
different immune defence parameters over sev-
eral years in both immature and mature individu-
als are needed to provide stronger support for 
endogenous seasonal (circannual) rhythms in the 
immune defence of invertebrates, since a circan-
nual rhythm is defined as a pattern that reoccurs 
in approximately 12 month cycles after isolation 
from environmental cues (Paul et al. 2008).

Long-lasting immune priming

There is evidence for long-lasting immune prim-
ing in invertebrate species (Moret & Siva-Jothy 
2003, Schmid-Hempel 2005, Sadd & Schmid-
Hempel 2006, Roth & Kurtz 2009, Rodrigues et 
al. 2010). Hence, we predicted to find a stronger 
encapsulation response to the secondary immune 
challenge with a nylon monofilament implant 
in the subsequent season as compared with that 
to the primary challenge, when the noble cray-
fish were held under stable laboratory condi-
tions, and assuming that the implant causes a 
significant immunological challenge. However, 
we found no evidence for a previous challenge 
with a nylon monofilament implant enhancing 
the encapsulation response of the noble crayfish 
in subsequent seasons. This is because, when 
controlling for the effect of endogenous sea-
sonal differences in immunity, the strength of 
the encapsulation response to the immune insult 
did not differ between naïve individuals and 
individuals that were pre-challenged two to four 
months before the secondary challenge occurred, 
independent of season.

These results suggest that in crayfish long-
lasting immune priming is not present or at least 
not initiated by the immune insults we used. It is 
possible that the nylon insult only lead to a tem-
porary activation of the immune system (Hauton 
& Smith 2007), often called non-specific immune 
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priming (Schmid-Hempel 2005). Alternatively, 
it might also be possible that the single chal-
lenge with a relatively small-sized nylon implant 
was not strong enough to induce the immune 
priming mechanisms. Therefore, further studies 
using other immune challenges and investigating 
various immune responses are necessary to draw 
final conclusions whether an immune challenge 
in a previous season could enhance the immune 
defence of the noble crayfish. Nevertheless, 
our results highlight the danger of misinterpret-
ing results when the endogenous regulation of 
immunity is ignored. Without the naïve controls, 
one might have been easily tempted to call the 
increase in the strength of encapsulation between 
the repeated immune challenges in October and 
February real immune priming. Therefore, we 
strongly suggest considering both the effect of 
the repeated exposure to pathogens as well as 
the time effect, even when individuals are held 
under constant conditions, when investigating 
immune priming.
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