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on becoming infected as well as individuals that were exposed re-
gardless of their infection outcome (countreg package, Kleiber & 
Zeileis, 2016).

3  |  RESULTS

3.1  |  Phenoloxidase assay

We found no evidence for a circadian rhythm in active phenoloxi-
dase (PO) in D. dentifera (Figure 2). All samples were false for 24-h 
rhythmicity at a threshold of p < .05, and the period was estimated at 
29.25 ± 2.75 h. Instead, we saw that PO increased linearly with time 
for 7-day-olds only (GLM, p = .02, with an R2 = .29) and this relation-
ship was consistent when we corrected for body size (GLM, p = .01, 
with an R2 = .21).

3.2  |  Infection probability

We found no evidence for the effect of feeding rate on infection 
probability (deviance: −2 log[Λ] = 0.65, p = .42). However, we found 
strong evidence for an effect of time of exposure (−2 log[Λ] = 31.34, 
p = 2.16 × 10−8) and evidence for an effect of age at exposure (−2 
log[Λ] = 4.60, p = .032) on infection probability (Figure 3). The odds 
of infection were increased 590% (95% CI: 240–1401%) when D. 

dentifera were exposed during their active phase (night) compared 
with when they were exposed during their resting phase (day), when 
age and feeding rate at exposure were held constant. A 1-day in-
crease in age at exposure increased the odds of infection by 40% 
(3–94%) when time of exposure and feeding rate were held constant.

3.3  |  Infection intensity (spore count)

The model included the phase at exposure and the linear effect of age 
for the zero-inflation component of the model, since these terms were 
significant in the infection probability models described previously. 
We did not find statistical evidence that the average number of spores 
(infection intensity) differs between individuals who were infected 
during resting phase (day) versus active phase (night) exposures (ac-
tive phase had 3.67 fewer spores than resting phase; 95% CI: 12.8 to 
−5.47; p =  .43). However, when accounting for the increased prob-
ability of infection in individuals exposed during their active phase, we 
estimated that individuals exposed during their active phase (night) 
had a 5.24 (95% CI: 2.65–7.82; p < .0001) higher average spore count 
than individuals exposed during the resting phase (day) at the aver-
age age of exposure. In short, we found that the expected infection 
intensity of an individual does not depend on the phase of exposure 
if we know the individual is infected (Figure 4a). This suggests once 
an individual Daphnia becomes infected, they will have similar levels 
of disease regardless of the time of day they were exposed. However, 

F I G U R E  2 Predicted active phenoloxidase (PO) every 3 h over a 24-h period for eight individuals pooled by age (6–9 days old, n = 4). 
Plot shading indicates the light–dark cycle, with 6–8-day-old individuals under a 15:9 light–dark cycle and 9-day-old individuals under 24-h 
darkness. Points indicate individual active PO samples, lines are the predicted active phenoloxidase from a generalized linear model fit per 
age, time (hours), and their interaction, and shading denotes 95% Wald confidence intervals.
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if all we know is that the individual was exposed, we would expect 
individuals exposed during the active phase to have a higher expected 
infection intensity than individuals exposed during the resting phase, 
because they are more likely to become infected (Figure 4b).

4  |  DISCUSSION

Understanding how infection risk varies, whether among individuals, 
over ontogeny, or over the course of a day, requires disentangling the 
links between behaviors that mediate exposure and susceptibility. 

We assessed whether a known circadian rhythm in feeding behavior 
would lead to a rhythm in infection risk. We measured active PO 
levels over a circadian cycle, exposed individuals either during their 
active or during their resting phase, and quantified infection preva-
lence and within-host infection intensity. We found that D. dentifera 
does not appear to have a circadian rhythm in one arm of the innate 
immune system (melanization pathway). However, there were time 
of day differences in infection risk between animals exposed during 
their active versus resting phase, indicating that individuals are more 
likely to become infected during the active phase (night).

Given that previous studies of immune gene expression show 
that several genes involved in the activation pathway for PO have 
a rhythm, with higher expression during the day (Rund et al., 2016), 
our finding that PO levels did not vary over a diel cycle was sur-
prising. It is also somewhat surprising that previously documented 
rhythms in immune gene precursors are opposite of the D. dentifera 
circadian feeding and migration rhythms that indicate a clear rest/
active cycle (Haney & Hall, 1975; Pfenning-Butterworth et al., 2021), 
since many organisms upregulate immune pathways that are import-
ant for fighting disease exposure during their active phase (Curtis 
et al., 2014; Gibbs et al., 2012; Scheiermann et al., 2012, 2013). This 
could indicate that precursor genes are expressed out of phase be-
cause the immune pathway takes time and the active immune com-
ponent is expressed hours later, potentially during the active phase 
of Daphnia.

Active PO did not have a daily cycle, but rather remained rela-
tively constant across a day. The lack of a rhythm may arise because 
of resource intake on immunity—if the feeding rhythm created an 
offsetting circadian rhythm to immune gene expression. However, 
further work quantifying both immune phenotypes and immune 
gene expression over a diel cycle would be necessary to tease 
apart these relationships. Moreover, the individuals used in the im-
mune assay were not exposed to an immune challenge (pathogen 

F I G U R E  3 Predicted probability of infection (lines) and observed 
proportion (points) of exposed Daphnia dentifera during resting/
day (yellow, solid, circles) or active/night (blue, dotted, triangles) 
that were infected. Shaded regions denote 95% Wald confidence 
intervals for the mean probability of infection. Data for the observed 
and predicted probabilities are given in Appendix S1: Table S1.

F I G U R E  4 (a) Predicted mean spore 
counts conditioned on infection after 
exposure. (b) Predicted mean spore 
counts for exposed Daphnia dentifera 
regardless of infection outcome. Both 
plots include model predicted mean spore 
counts (lines) and observed mean spore 
count (circles, sized by the proportion 
of infected individuals) of D. dentifera 
exposed during resting/day (yellow, solid) 
or active/night (blue, dotted). Crosses 
are observed spore counts of individual 
exposed D. dentifera. The shaded regions 
denote 95% Wald confidence intervals for 
the expected spore count. Data for the 
observed and predicted probabilities are 
given in Appendix S1: Table S2.
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exposure), because we wanted to see if there was rhythmicity in the 
ability to mount an immune response over the course of a day. Thus, 
we measured whether there is a circadian rhythm in constitutive im-
munity, rather than induced immunity. Future studies could deter-
mine whether there are times of day when induced immunity is high 
and low by quantifying immune responses in immune-challenged 
and unchallenged individuals across a daily cycle. These types of 
studies would further our understanding of circadian rhythms in im-
mune function in response to disease.

Since Daphnia did not show a rhythm in PO levels, we predicted 
they would have a rhythm in infection risk that corresponds with 
their circadian rhythm in feeding (Figure 1f). Our results corroborate 
this prediction because individuals exposed during their active phase 
(night) had a significantly higher infection prevalence than those ex-
posed during the resting phase (day). This suggests that the circadian 
rhythm in feeding behavior drives a circadian rhythm in infection 
risk. This result is not surprising given that increased feeding should 
also increase exposure to the parasite in this experiment. We chose 
to focus on PO as our measure of immunity because it plays a key 
role in the invertebrate immune system (Cerenius & Söderhäll, 2004; 
González-Santoyo & Córdoba-Aguilar, 2012; Povey et al., 2014); is 
activated by many invertebrate pathogens (Labbe & Little,  2009; 
Pauwels et al., 2010); and immune genes involved in its activation 
are rhythmic (Rund et al., 2016). It is of course possible that, had we 
measured other immune phenotypes, we could have found immune 
rhythms that are in phase with the feeding rhythm (Figure 1c). For 
instance, recent work demonstrates that hemocytes play a key role 
in fighting M. bicuspidata infection in D. dentifera (Stewart Merrill & 
Cáceres, 2018), and work in insect systems reveals higher hemocyte 
activity at night (Islam & Roy, 1982; Stone et al., 2012). Regardless, 
even if opposing immune rhythms exist for other arms of the D. den-
tifera immune system, they were clearly insufficient to override the 
rhythm in exposure caused by feeding.

While infection prevalence was significantly different between 
active and resting phase exposures, infection intensity was only sig-
nificantly different between active and resting phase exposure when 
accounting for all exposed individuals, not just the individuals that 
become infected. This suggests that feeding behavior at the time 
of exposure contributes to infection success, while other factors 
are likely to mediate within-host–pathogen intensity. For example, 
environmental stress can cause decreased M. bicuspidata intensity 
in Daphnia (e.g., copper contamination, Civitello et al.,  2012; diet, 
Manzi et al., 2020). Additionally, host-specific traits such as age and 
body size can drive differences in infection intensity (Graham, 2003; 
Woolhouse, 1998). Immune response is often positively correlated 
with infection intensity (Schultz et al.,  2018), which highlights the 
general principle that a stronger immune response does not neces-
sarily translate into a healthier individual (see Graham et al., 2011).

Our results show that the time of day that individuals are exposed 
to pathogens affects the likelihood of infection. Numerous studies 
have indicated that infection during an organism's resting phase 
can have drastic consequences for the host's survival and immune 
response, as well as pathogen fitness (see Hopwood et al.,  2018; 

Westwood et al.,  2019). For example, Salmonella colonization and 
host inflammatory responses were higher in mice infected during 
the resting phase than those infected during the active phase (Bellet 
et al.,  2013). These studies suggest that infection outcomes are 
often more severe when hosts are infected during the phase oppo-
site of when they would be exposed to pathogens in nature (typically 
the active phase) and these differences have important implications 
for the conclusions drawn from epidemiological studies.

Here, however, we observe the opposite pattern: Infection risk 
is higher when animals are exposed during their active phase be-
cause their activity—feeding—increases their exposure. This sug-
gests the potential for an interaction between the other major 
circadian rhythms in Daphnia diel vertical migration. The effects 
of the observed circadian rhythm in infection risk on population-
level processes (i.e., size of epidemics) will depend on the distribu-
tion of parasites through the water column (Overholt et al., 2012; 
Shaw,  2019). If pathogens occur in surface waters where Daphnia 
spend their active phase, then the circadian rhythm in exposure and 
infection risk should lead to large epidemics, whereas if pathogens 
occur in deeper waters where Daphnia spend their resting phase, 
then epidemics should be smaller.

This is the first study, to our knowledge, that demonstrates a 
circadian variation in infection risk in Daphnia. More generally, our 
results indicate that the natural circadian rhythm of the host, and 
parasite, should be taken into consideration when designing exper-
iments and models of epidemiology. Especially in the laboratory, 
infections are typically carried out during the day, which may lead 
to a misleading understanding of infection risk in a natural setting. 
For example, daytime pathogen exposure for a nocturnal host may 
enhance or reduce infection outcomes, depending on the interaction 
between exposure and susceptibility.
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