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Melatonin: a possible link between the
presence of artificial light at night and
reductions in biological fitness

Therésa M. Jones, Joanna Durrant, Ellie B. Michaelides and Mark P. Green

Department of Zoology, The University of Melbourne, 3010 VIC, Australia

The mechanisms underpinning the ecological impacts of the presence of arti-

ficial night lighting remain elusive. One suspected underlying cause is that

the presence of light at night (LAN) supresses nocturnal production of mela-

tonin, a key driver of biological rhythm and a potent antioxidant with a

proposed role in immune function. Here, we briefly review the evidence

for melatonin as the link between LAN and changes in behaviour and physi-

ology. We then present preliminary data supporting the potential for

melatonin to act as a recovery agent mitigating the negative effects of

LAN in an invertebrate. Adult crickets (Teleogryllus commodus), exposed to

constant illumination, were provided with dietary melatonin (concen-

trations: 0, 10 or 100 mg ml21) in their drinking water. We then compared

survival, lifetime fecundity and, over a 4-week period, immune function

(haemocyte concentration, lysozyme-like and phenoloxidase (PO) activity).

Melatonin supplementation was able only partially to mitigate the detrimen-

tal effects of LAN: it did not improve survival or fecundity or PO activity,

but it had a largely dose-dependent positive effect on haemocyte concen-

tration and lysozyme-like activity. We discuss the implications of these

relationships, as well as the usefulness of invertebrates as model species

for future studies that explore the effects of LAN.
1. Introduction
Exposure to even low-intensity night lighting (,0.3 lux—comparable with full

moonlight on a clear night) may be a major disruptor of behavioural and physio-

logical processes [1,2] and yet many species living in urban environments

continually experience far greater intensities of light at night (LAN) [3]. The eco-

logical consequences of the increasing presence of artificial LAN are well

documented in animals although the evidence from natural populations, in par-

ticular, is frequently correlational [2,4,5]. Behaviourally, LAN is linked to an

increase in the observed number of bird strikes and subsequent deaths [6,7]

and changes in the foraging capacity and activity patterns of vertebrates [8–12]

and invertebrates [5,13]. At the population level, animals living in well-lit

urban environments are observed to shift the timing and structure of their

mating calls [14–17] and the commencement of breeding [15,18]. Evidence docu-

menting the physiological impact of LAN comes largely from correlational

studies of vertebrate (often human) health. A recent focus has been on links

between the intensity of LAN and an increased risk of cancer, immune suppres-

sion and heart disease observed in shift workers, a group with frequently chronic

exposure to high-intensity night lighting [19–22]. Human studies are typically

correlational, but similar carcinogenic and immunosuppressant effects of artificial

night lighting have been observed from laboratory experiments on mice and rats

[23–26], although immune-enhancing effects of dim night lighting have also

been reported [27]. Convincing support for the link between LAN and significant

modifications to both behaviour (activity patterns) and physiology (moult dates

and reproductive status) also comes from a series of long-term studies combining

field and experimental trials on European blackbirds (Turdus merula)

[12,18,28,29]. However, despite the recent surge in research on the impacts of
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Figure 1. Simplified schematic biosynthetic pathway depicting the production of melatonin in the pineal gland of vertebrates. Neural input is required for the
rate-limiting step in the vertebrate pathway involving the conversion of serotonin to N-acetyl-serotonin (NAS). Enzymes shown in italics; c-AMP ¼ cyclic AMP;
bR, NA ¼ b-adrenergic receptors. (Online version in colour.)
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night lighting within the fields of ecology and medicine, we

still lack broad-scale, cross-species experimental evidence of

the negative effects of LAN (but see [30]). Data on wild popu-

lations that experimentally link LAN to decreased biological

function are notably absent and the underlying mechanisms

driving the observed changes remain both poorly understood

and largely vertebrate focused.

(a) Melatonin as a possible driver of biological change
One suspected underlying cause for the observed variation

in behaviour and physiology is that the presence of LAN

disrupts endogenous circadian rhythms and specifically

supresses nocturnal production of the indolamine melatonin

(N-acetyl-5-methoxytryptamine). Melatonin is one of the key

drivers of biological rhythm whose principal function is to

relay information about changes in day-length [31,32].

Perhaps less well known, but of potentially considerable

physiological importance, is the critical role melatonin plays

as an antioxidant (for a recent review, see [33]). The major

problem faced by species living in regions with artificial

night lighting is that, in the presence of LAN, the potential

for melatonin to act as either an antioxidant or a regulator

of biological rhythm may be compromised because endogen-

ous melatonin concentrations are reduced. Our focus in this

article is threefold: to provide a brief overview of what is cur-

rently known about melatonin in both vertebrates and

invertebrates (particularly in relation to LAN); to report pre-

liminary data that support current hypotheses implicating

circulating melatonin as a causal intermediary between

LAN and changes to one aspect of invertebrate physiological

function, immunity; and to highlight future areas of research

required to determine the multiple roles of melatonin and its

importance to phenotype fitness.

(b) Melatonin and circadian rhythm
First isolated from the bovine pineal gland [34], the indolamine

melatonin has subsequently been identified in all higher
taxonomic groups [33,35]. Its structure is thought to be highly

conserved across taxa [33,35,36] and in animals its biosynthesis

from tryptophan via serotonin (see figure 1) is believed to be

comparable for vertebrates and invertebrates [35]. The primary

site of endogenous melatonin synthesis in vertebrates is the

pineal gland, but its presence has been documented in many

other organs and tissues, including the retina, intestine, salivary

gland, Hardian gland and leucocytes [33,37]. In invertebrates,

endogenous melatonin is typically synthesized in the cerebral

ganglia but it is similarly found in other tissues and organs,

including the eyes and reproductive tissues [35,38–41].

The role of melatonin as a chronobiotic is well established

[31,32]. In vertebrates, circulating concentrations of pineal-

derived melatonin vary throughout a 24 h cycle, typically

reaching their highest concentrations during periods of natural

darkness and their lowest concentrations during daylight hours

[31–33]. Seasonal shifts in circulating melatonin concentrations

are also evident, with lower concentrations observed in winter

compared with those in summer [42]. Experimental manipu-

lation of melatonin links variation in its presence with shifts

in the behaviour and locomotor activity of vertebrates, includ-

ing rats, birds and lizards [43–46]. In invertebrates, the

relationship between circulating concentrations of melatonin

and circadian rhythm is less clear [35,47]. Nocturnal peaks

are observed in a range of species, including planarians

[40,48], Drosophila [49–51], a cockroach [38] and a silkworm

[39]. However, there are several exceptions to this general pat-

tern: in the crustacea, many species exhibit diurnal peaks or

no peak at all (for a comprehensive recent review, see [52]); in

two species of hymenoptera, Apis mellifera and Apis ceranathe,
circulating melatonin exhibits multiple daily peaks and troughs

[53]; and in both the opisthobranch mollusc Aplysia californica
[54] and the cricket Gryllus bimaculatus [55] melatonin concen-

trations vary across organs and tissues within the same

individual (although the degree to which this is driven by bio-

synthesized melatonin is untested). Notwithstanding these

species-specific differences in peak concentrations, variation

in melatonin concentrations is linked to shifts in behaviour in
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a number of invertebrates, including Drosophila [56], crickets

[57] and Daphnia [58]. The observed differences in the timing

and location of peak melatonin concentrations in the invert-

ebrates is perhaps not surprising given the relative breadth of

taxonomic diversity compared with vertebrates, but nonethe-

less it raises some interesting questions regarding the

ubiquitous nature of the hormone and reinforces the belief

that functionally it is more than simply a signal of darkness [33].

(c) Melatonin, oxidative stress and immune function
Melatonin’s function as a free radical scavenger and potent

antioxidant has been comparatively recently recognized but

is now generally accepted [33,59–61]. The antioxidant capacity

of melatonin is derived in part because it is amphiphilic and is

thus able freely to move intracellularly across membranes,

including mitochondria, the organelle primarily responsible

for cellular respiration and thus one of the main sites of free

radical generation [62,63]. At the cellular level, endogenous

melatonin has been directly linked to enhanced cell mainten-

ance [61], mitochondrial activity [63,64] and increased

antioxidant capacity of gametes in vertebrates [65,66].

The potential indirect antioxidant effects of melatonin

on physiological processes, including immune function and

survival, are less well understood mechanistically but nonethe-

less are proposed. Melatonin supplementation experiments

generally reveal a positive effect of melatonin on survival in

both vertebrates and invertebrates [67–70]. Similarly, a

number of studies have found melatonin plays a fundamental

role in immune-modulation, but this has been explored almost

exclusively in vertebrates (for recent reviews see [71–73]). The

immune-modulatory effect of melatonin on the adaptive

vertebrate immune system is supported by the existence of

specific melatonin receptors in immune organs as well as immu-

nocompetent cells, with its role in innate immunity recently

proposed [71]. This latter finding is of particular interest from

the invertebrate perspective, because while invertebrates lack

an adaptive immune response, their innate immune system,

particularly that of the insects, is highlyeffective and has cellular

recognition and defensive pathways that are comparable with

vertebrates (for a comprehensive coverage of the discipline see

[74]). Thus, the observed capacity for melatonin to modulate

innate immunity in vertebrates indicates its possible role in

invertebrate immune function. Melatonin’s ubiquitous pres-

ence, conserved structure and functional versatility combined

with the photosensitivity of its biosynthetic pathway [75]

makes it a prime candidate to mediate shifts in biological

function in the presence of LAN. Despite this, the critical

three-way links between the presence of LAN, circulating mela-

tonin concentration and behaviour or physiology remain largely

undetermined and in invertebrates relatively unexplored.

(i) LAN, circulating melatonin concentrations and shifts
in biological function

Early in vitro experiments in human cells [75] and subsequent

experiments in vivo confirmed that exposure to LAN suppresses

circulating melatonin in vertebrates [76–78]; however, the func-

tional significance of these results is only now becoming a focal

point for research exploring the ecological effects of LAN. Corre-

lational studies provide good support for light suppression of

melatonin as a physiological mechanism driving the biological

change. For example, in the European starling (Sturnus vulgaris)
locomotion and feeding rhythms were positively associated
with plasma melatonin concentrations following short-term

exposure to low-intensity lighting with steadily changing photo-

periods [79]. Similarly, in tench (Tinca tinca) rhythmic variation

in circulating melatonin concentrations and locomotor activity

were affected by exposure to light pulses during periods of natu-

ral darkness [80]. Perhaps the most convincing support comes

from a long-term experimental manipulation in the European

blackbird (Turdus merula) which found that melatonin concen-

trations of birds raised in the presence of LAN were

consistently lower and locomotor activity consistently higher

when compared with birds raised with a nocturnal period of

darkness [42]. However, such studies were unable to determine

whether melatonin directly affected the behavioural change.

Supplementation with dietary melatonin has provided the stron-

gest physiological support to date. For example, in Japanese

quail (Coturnix coturnix japonica) immune function was signifi-

cantly lowered when birds were kept under constant

illumination compared with birds maintained on either short-

(8 h light) or long-day (16 h light) cycles, but supplementation

with melatonin in the drinking water provided a positive

dose-dependent immune-enhancing effect [81]. Using acompar-

able experimental design Vinogradova and Anisimov [82] found

that melatonin provided in the drinking water was able to reduce

the severity of a number of age-related metabolic disorders in

rats exposed to constant illumination.

Several major gaps are apparent in the literature. First, com-

parable data linking either LAN and circulating concentrations

of melatonin or LAN and changes in invertebrate behaviour or

physiology are lacking (but see [40,48]). Second, while a few

studies have explored the longitudinal effects of long-term

exposure to LAN at the individual level in vertebrates [28,29],

to our knowledge there are no comparable data for inver-

tebrates. Finally, direct evidence of the links between LAN,

circulating concentrations of melatonin and changes to

immune function remain, with the exception of a few studies

in vertebrates, untested. To begin to address some of these

knowledge gaps, our research uses the nocturnal black field

cricket Teleogryllus commodus as a model species to explore the

effect of LAN on individual fitness and the ability of melatonin

to negate the potential negative impacts of LAN. Research in a

closely related cricket species, Gryllus bimaculatus, has revealed

nocturnal peaks in circulating melatonin [55] and demonstrated

the functional role of melatonin for egg development and hatch-

ing [41,83], as well as locomotor activity [57]. Our research on

T. commodus indicates that the presence of night-time illumi-

nation during development correlates with reductions in

immune function and concentrations of circulating melatonin.

In brief, following an initial immune challenge crickets main-

tained under constant light (24 h, LL) were unable to mount

an immune response following a wounding challenge, resulting

in a lower haemocyte concentration and reduced lysozyme-like

activity compared with crickets reared under a 12 h day 12 h

night (LD) light regimen (mean haemocyte concentration

post-challenge in LL crickets ¼ 15.85+2.03 cells ml21 � 106;

LD crickets 23.48+2.06 cells ml21 � 106; p ¼ 0.01; lysozyme-

like activity, measured as D absorbance, for LL crickets ¼

0.34+0.02; LD crickets ¼ 0.39+0.02; p ¼ 0.02; J Durrant, EB

Michaelides, MP Green and TM Jones 2013, unpublished

data). Moreover, circulating melatonin concentrations were

significantly lower in adult LL crickets compared with

melatonin concentrations of LD crickets (median [interquartile

range] concentration of melatonin in LL crickets ¼ 13.53

[9.4–27.86] pg ml21; LD crickets¼ 23.78 [18.62–57.65] pg ml21;
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p ¼ 0.03; J Durrant, EB Michaelides, MP Green and TM Jones

2013, unpublished data). These data form the basis for the

experimental design and scientific reasoning behind the current

melatonin supplementation study. Here, we exposed adult

crickets to an identical source of constant illumination but

experimentally manipulated concentrations of circulating mela-

tonin through addition of dietary melatonin in the drinking

water. We predicted that, if melatonin is able to act as a recovery

agent countering the potential negative impact of prolonged

exposure to artificial LAN, then crickets supplemented with

the highest concentrations of dietary melatonin should respond

positively in terms of survival, fecundity and immune function.
 il.Trans.R.Soc.B
370:20140122
2. Methods
Studies were undertaken using a laboratory population that ori-

ginated from Victoria, Australia (37.56238 S, 145.31920 E) and

were subsequently bred for four generations under standard con-

ditions [84] in incubators (maintained at 288C; under a 12 h light :

12 h dark artificial lighting regimen; LD). Experimental individ-

uals were reared as juveniles in standard conditions but were

transferred within a day of their final moult to individual con-

tainers and placed under a constant light regimen (maintained

at 288C; 24 h continuous illumination of 4000 lux; LL) until

their death. The severe experimental situation of constant illumi-

nation at 4000 lux provides an ecological extreme but we assume

that it will induce reductions in circulating melatonin and thus

permit us to explore explicitly the role of melatonin in modulat-

ing immune function, survival and fecundity through the use of

dietary supplementation. Adult crickets were assigned to one of

the three melatonin treatments: 0 mg ml21 melatonin (which rep-

resents the control group and is the group we predict will

not be able to respond to immune challenges as found in our pre-

vious research—see §1c(i)), 10 mg ml21 melatonin or 100 mg ml21

melatonin (n ¼ 14 females and 10 males per treatment). All indi-

viduals were provided with 4 ml of deionized water in a small

Petri dish (diameter 35 mm; height 11 mm) for the first 2 days

following their adult moult. This ensured that crickets were

hydrated following their final moult and provided a baseline

measure of immune function for all crickets (see §2c). After this

initial 2-day period, individuals were transferred to their allo-

cated treatment and provided with 4 ml of water containing

their allocated melatonin treatment and this was changed

thrice weekly until their death. All chemicals and reagents

were obtained from Sigma-Aldrich, NSW, Australia.

(a) Supplementation with dietary melatonin
Dietary supplementation of melatonin was administered through

drinking water (following [57]). Melatonin powder was dissolved

in 100% ethanol at 50 mg ml21 and stored in the dark at 48C. Work-

ing dilutions were made fresh weekly from the stock using

distilled water to give solutions of 0, 10 or 100 mg ml21. Prelimi-

nary trials indicated that this method was effective in raising

circulating concentrations of melatonin in adult T. commodus.
The mean concentrations of circulating melatonin after 1 week of

supplementation were 259+ 79.8 ng ml21 (0 mg ml21 melatonin,

n ¼ 4 crickets), 401+ 76.9 ng ml21 (10 mg ml21, n ¼ 2 crickets)

and 1812+528 ng ml21 (100 mg ml21, n ¼ 2 crickets)—melatonin

concentrations were measured using high-performance liquid

chromatography (modified from [85]).

(b) The relationship between melatonin concentration,
survival and fecundity

To assess the impact of melatonin treatment on female fecundity,

2 weeks post the final moult, female crickets were mated to a
male from the stock population (maintained under standard con-

ditions) and were then provided with a Petri dish (diameter

45 mm; height 15 mm) filled with moist sand for oviposition.

The sand-filled dish was changed twice weekly until the females

died. The total number of eggs laid was counted to provide a

measure of lifetime fecundity. For all individuals, body mass

(g) was taken prior to any procedure; and average femur

length (mm) was taken as a measure of body size. The residuals

from a correlation between leg length and body mass were taken

as a measure of adult body condition.

(c) The relationship between melatonin concentration
and measures of immune function

We used three independent assays of immune function as these

are known to vary both in the degree of response across inver-

tebrate species and between the sexes [86]. (i) The concentration

of circulating haemocytes was estimated as these are the cells

within the haemolymph that form the core cellular response in

invertebrate innate immunity [87]. (ii) Lysozyme-like activity

was assessed as a measure of the potential for crickets to resist bac-

terial challenges as lysozymes are the group of enzymes

principally involved in degrading bacterial cell walls [74].

(iii) Phenoloxidase (PO) activity was quantified as PO becomes

activated upon cuticular wounding and infection, and is an

important precursor instigating repair and encapsulation follow-

ing infection or parasitism [88]. To determine simultaneously

the longitudinal effects of melatonin supplementation, we col-

lected haemolymph at four time periods: 2 days post the final

moult and prior to placing crickets on their allocated melatonin

treatment (week 0, baseline measure—see §3); 9 days post final

moult (week 1); 16 days post final moult (week 2) and finally at

30 days post adult moult (week 4). For consistency, haemolymph

extraction always took place 3 h prior to natural sunset. At each

extraction event, we took a total of 8 ml of haemolymph by

making a small puncture in the left side of the cricket abdomen

using a sterile needle. The first 2 ml of haemolymph was placed

into a 0.5 ml Eppendorf tube on ice with 16 ml of an anticoagulant

solution and was immediately used to estimate haemocyte con-

centration; the remaining 6 ml was placed into a 0.5 ml

Eppendorf tube with 80 ml of phosphate buffered saline (PBS;

pH 7.4), snap frozen in liquid nitrogen and stored (2808C) until

analysis of lysozyme-like and PO activity.

(d) Immune function analyses
(i) To estimate the concentration of haemocytes, 10 ml of the haemo-

lymph–anticoagulant solution was transferred to a haemocytometer

and the total number of haemocyte cells per cubic millimetre was

calculated (following [84]). (ii) To assess lysozyme-like activity, we

added 10 ml of haemolymph–PBS solution to 80 ml of Micrococcus
lutus (Lysodeikticus) bacteria solution (3 mg ml21 PBS) and

measured the change in absorbance at 490 nm using a plate reader

(PerkinElmer Enspire 3.0 Multimode Plate Reader) over a 120 min,

maintained at 308C. (iii) To assess PO activity we transferred 5 ml

of the haemolymph–PBS solution and 7 ml of 1.3 mg ml21 bovine

pancreas a-chymotrypsin to each well in a standard 98-well plate;

incubated at room temperature for 20 min and then we added

90 ml of L-dihyroxyphenylalanine (L-DOPA). The change in absorb-

ance was measured over the following 120 min (temperature 268C;

absorbance 490 nm). Control and quality control samples were

included on every assay plate for lysozyme-like and PO assays.

(e) Statistics
All data exploration and analyses were performed in JMP (v. 11,

SAS, NC, USA). Variables were assessed for normality prior to

analysis. Variation in (i) survival was assessed using the



Table 1. Models exploring variations in lifetime egg production, survival and three measures of immune function for male and female crickets exposed as adults to
constant light but provided with dietary melatonin at one of three concentrations (0, 10 or 100 mg ml21). Significant p-values are indicated in bold.

models and parameters slope (b+++++ SE) statistic p-value

(a) Lifetime egg production

melatonin concentration F2,36 ¼ 1.56 0.40

leg length 0.43+ 0.22 F1,36 ¼ 3.69 0.06

(b) Number of days survived

melatonin concentration x2
2 ¼ 1:37 0.50

leg length 0.13+ 0.06 x2
1 ¼ 3:81 0.05

(c) Haemocyte concentration (�106 cells ml21)

melatonin concentration F2,62 ¼ 4.37 0.02

sex F1,62 ¼ 0.05 0.83

week 0.59+ 0.32 F1,188 ¼ 3.44 0.07

melatonin concentration � sex F2,62 ¼ 2.75 0.07

melatonin concentration � week F2,189 ¼ 4.50 0.01

sex � week F3,188 ¼ 4.46 0.04

(d) Lysozyme-like activity (D absorbance)

melatonin concentration F2,65 ¼ 0.61 0.55

week 0.02+ 0.004 F1,158 ¼ 15.79 0.0001

melatonin concentration � week F2,158 ¼ 3.53 0.03

(e) Phenoloxidase activity (D absorbance)

melatonin concentration F2,67 ¼ 0.04 0.96

sex F1,65 ¼ 66.93 <0.0001

week 0.14+ 0.01 F1,170 ¼ 117.70 <0.0001

leg length 0.05+ 0.02 F1,186 ¼ 4.35 0.04
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Proportional Hazards survival platform, which incorporates a

semi-parametric regression model where the survival time of each

member of a population is assumed to follow its own hazard func-

tion (following [89]); (ii) fecundity was determined using standard

least squares regression models; (iii) immune assays were assessed

using general linear models (GLMs) with restricted maximum like-

lihood (REML), adding cricket identity as a random fixed effect to

account for the multiple samples taken per individual. This

method was chosen over a repeated-measures approach because

variations in sample size across immune assays rendered the dataset

incomplete for some individuals. Maximal models included dietary

melatonin treatment, week (sampling week 1–4), sex and all inter-

actions. Leg length, body condition, the number of eggs laid and

survival were also added where appropriate. Each model was

reduced using hierarchical removal of all terms with a

significance of p . 0.1 (except our designated melatonin treatment).

Unless otherwise stated, significant interactions were assessed

using post-hoc Student’s t-tests and data presented are means+
s.e. All tests were two-tailed with a significance level of p , 0.05.
3. Results
(a) Relationship between melatonin concentration,

survival and fecundity
Females laid on average 292.6+ 37.52 eggs. The number of

eggs laid was unrelated to dietary melatonin treatment

(table 1a); however, it was weakly positively related to

female leg length (table 1a). Average adult lifespan was
comparable for the three melatonin treatments (mean+ stan-

dard error number of days survived ¼ 57.11+ 3.32 days;

table 1b); and was positively related to leg length (table 1b).

(b) Relationship between melatonin concentration and
immune function

(i) Baseline measures
One-way ANOVAs confirmed that, within each sex, initial

immune measures were comparable across the three melatonin

treatments (at week 0, prior to individuals being placed on

their allocated melatonin treatment): (i) haemocyte concen-

tration in females: F2,38¼ 0.86, p ¼ 0.43; males: F2,21¼ 0.44,

p ¼ 0.65; (ii) lysozyme-like activity in females: F2,26¼ 1.31,

p ¼ 0.29; males: F2,15¼ 1.13, p ¼ 0.35; (iii) PO activity in

females: F2,26¼ 1.25, p ¼ 0.30 males: F2,15¼ 0.55, p ¼ 0.59;

see figure 2a–c. This provides confidence that subsequent

differences across weeks arose as a result of the melatonin

treatment rather than differences between individuals.

(ii) Haemocyte concentration
The concentration of haemocytes detected in the haemolymph

varied between the sexes, across weeks and with melatonin

treatment (table 1c; figure 2a). To explore the nature of the

interaction between melatonin treatment and week, we ran

separate GLMs (that controlled for sex and cricket identity).

These revealed that haemocyte concentration was comparable
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across weeks for crickets in the 0 mg ml21 (slope+ s.e. across

weeks: b ¼ 20.74+0.48; F1,68 ¼ 2.38, p ¼ 0.13) and

10 mg ml21 melatonin treatments (slope+SE across weeks:

b ¼ 0.92+ 0.56; F1,58 ¼ 2.72, p ¼ 0.10), but haemocyte con-

centrations increased significantly across weeks for crickets

provided with 100 mg ml21 of dietary melatonin (slope+
s.e. across weeks: b ¼ 1.68+0.45; F1,60 ¼ 6.61, p ¼ 0.01).

Similar post-hoc GLMs separated by sex (controlling for

cricket identity and melatonin treatment) revealed that the

significant interaction between sex and week (table 1c)

arose because haemocyte concentration increased over the

sampling period for males (slope+ s.e. across weeks: b ¼

1.29+ 0.50; F1,72 ¼ 6.77, p ¼ 0.01) but not females (slope+
s.e. across weeks: b ¼ 20.08+0.41; F1,114 ¼ 0.04, p ¼ 0.84).
(iii) Lysozyme-like activity
Lysozyme-like activity varied significantly across weeks and

with melatonin concentrations (table 1d; figure 2b). As in

§3b(ii), to explore the nature of the interaction between mela-

tonin treatment and week, we ran separate GLMs (that

controlled for cricket identity). These revealed that lyso-

zyme-like activity was comparable across weeks for crickets

in the 0 mg/ml (slope+ s.e. across weeks: b ¼ 0.002+
0.007; F1,57 ¼ 0.12, p ¼ 0.73) but increased significantly
across weeks for crickets in the 10 mg ml21 (slope+ s.e.

across weeks: b ¼ 0.03+0.0.008; F1,47 ¼ 14.09, p ¼ 0.0005)

and 100 mg ml21 (slope+ s.e. across weeks: b ¼ 0.02+
0.008; F1,53 ¼ 6.34, p ¼ 0.01) melatonin treatments.

(iv) PO activity
PO activity was comparable for all melatonin treatments

(figure 2c; table 1e); however, it increased across the sampling

weeks (table 1e; figure 2c), was significantly higher for

females compared to males and was positively related to

leg length (table 1e).

(c) Relationships among immune parameters
In females, lysozyme-like activity was correlated with haemo-

cyte concentration (Pearson correlation: r ¼ 0.60, p , 0.001,

n ¼ 128) and PO activity (Pearson correlation: r ¼ 0.0.29,

p ¼ 0.001, n ¼ 133). In contrast, there was no relationship

between haemocyte concentration and PO activity (Pearson

correlation: r ¼ 0.12, p ¼ 0.18, n ¼ 128). In males, all measures

of immune function were significantly correlated (Pearson cor-

relations between haemocyte concentration and lysozyme-like

activity: r¼ 0.60, p , 0.0001; haemocyte concentrations and

PO activity: r¼ 0.48, p , 0.0001; lysozyme-like activity and

PO activity: r ¼ 0.55, p , 0.0001; n ¼ 85).
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4. Discussion
Our study provides evidence relating to the proposed links

between LAN, concentrations of circulating melatonin and

invertebrate immune function using the black field cricket,

Teleogryllus commodus, as a model invertebrate. We demon-

strate that even short-term supplementation with dietary

melatonin through the adult phase of the life cycle modulated

some aspects of immune function (but it provided no sur-

vival or fecundity advantage) for individuals exposed to

constant illumination. The observed variation in response to

supplementation with dietary melatonin across the three

immune assays, and particularly the lack of response in PO

activity, highlights the potential complexity of invertebrate

immune function. Whilst our data suggest the potential for

melatonin-mediated immune enhancement, further studies

are required to identify whether this confers future fitness

benefits, particularly for natural populations. We discuss

our observations and highlight possible avenues for future

research with a focus on invertebrate species.

(a) Identifying underlying mechanisms and future
research areas

The link between circulating melatonin and immune function

is rarely highlighted in any species other than vertebrates,

and how melatonin modulates immune response remains a

subject of debate [72,73,90]. The fact that crickets maintained

on the 0 mg ml21 melatonin treatment had comparable

haemocyte concentrations and lysozyme-like activity across

the majority of their adult lifespan supports previous find-

ings that adult Teleogryllus commodus maintained under

intense constant illumination may have compromised immu-

nity and be less able to respond to immune challenges

(J Durrant, EB Michaelides, MP Green and TM Jones 2013,

unpublished data; see §1). This inability to respond to a chal-

lenge is likely a significant issue for nocturnal species such as

T. commodus that not only inhabit both rural and urban

environments but also have life history and mating strategies

evolved to be optimal during periods of darkness [91]. The

preliminary data presented here suggest that supplemen-

tation with dietary melatonin has a largely dose-dependent

immune-enhancing effect on two of the three key measures

of immune function: haemocyte concentration and lyso-

zyme-like activity. This suggests that the core cellular

response in invertebrate immunity [87] and the ability to

resist bacterial infection may have the potential for recovery

[74]. In contrast, melatonin supplementation had little effect

on PO activity, despite its strong positive correlation with

both haemocyte concentration and lysozyme activity and its

consistent increased response over time. No firm conclusions

can be drawn from the current experiment, but one possi-

bility is that the invertebrate PO pathway, which is involved

in repair, encapsulation and melanization [88] may either be

less susceptible to variation in light or is able to trade off main-

tenance in cuticular melanization with investment in immune

function [92].

Our experimental data also lend support to the idea that

disruptions to endogenous levels of melatonin may be the

underlying mechanism promoting variations in immune

response observed in the presence of light. It remains to be

tested whether such differences are observed at lower and

potentially more ecologically relevant light intensities.
However, recent evidence suggests that even relatively low

light levels (5 lux) invoke compromised physiological func-

tion (including depressed immune function) [93,94]. Further

investigation is also required to confirm definitively whether

melatonin affects invertebrate immune function directly or

indirectly via some other metabolic pathway. We did not

determine exactly how immune function was modulated,

but assessment of the effect of LAN on the antioxidant

capacity of non-circulating melatonin, bound in tissues and

cells such as the haemocytes themselves, may prove a valu-

able avenue for future research that aims to address directly

the relative contribution made by melatonin as an antioxi-

dant. A further point to note with respect to the current

study is that adult crickets in this experiment were raised

as juveniles in a relatively benign environment that had a

semi-natural day–night cycle; the impact on life history

trade-offs including immune function, reproduction and sur-

vival is likely to be considerably stronger when individuals

are exposed to stress (including LAN) during the juvenile

phase of their life cycle [94,95].

Evidence is mounting in support of the melatonin path-

way as a potential source driving the observed behavioural

and physiological changes induced by the presence of artifi-

cial light (for recent examples, see §1). Our research has

broader species-level implications for invertebrate popu-

lations in urban environments. A reduced immune function

may lead to reductions in parasite resistance and may ulti-

mately have consequences for offspring and species fitness

[74]. There is future potential to monitor egg hatching or off-

spring survival, two processes regulated through melatonin

in the cricket, G. bimaculatus [41,83]. Cross-generational

effects of artificial lighting are yet to be measured, but if

females deposit melatonin in the eggs they lay, as is supposed

the case for G. bimaculatus [41], then this might provide both a

vital protective function and a circadian clock in early life

which are disrupted by the presence of urban night lighting.

The variation in female investment of melatonin may also

explain the lack of observed variation in fecundity in the cur-

rent experiment, as females were mated to males that were

maintained under normal light conditions. Thus it is conceiv-

able that male-derived melatonin transferred during mating

was able to mitigate variation in female condition during

egg-laying sensu the distasteful cantharidins transferred

during mating by the male beetle, Neopyrochroa flabellate,
which females then allocate to eggs, so providing them

with protection from predation [96]. The fact that the effect

of melatonin supplementation on immune function varied

highlights the complexity of the underlying relationships

between light, melatonin and life history traits. It also

suggests that, regardless of taxa, caution should be exercised

when making general inferences about the benefits of melato-

nin based on single trait assays because the relationship

between melatonin concentration and immune function (for

example) may not be comparable or indeed indicative of

the relationship between melatonin and survival [82,93]. It

is highly conceivable that, despite its ubiquity, species-level

differences in life history and ontogeny will determine the

relative importance of melatonin for circadian rhythm or

immune function in varying lighting conditions (see also,

[97]). A fuller understanding of the biosynthetic pathways

for invertebrate melatonin, and confirmation and isolation of

the receptors involved, will provide us with more predictive

power to address these concerns [98].
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Finally, an intriguing possibility, yet to be investigated, is

the degree to which invertebrates and vertebrates are able to

mitigate the negative effects of living in an environment

that potentially compromises circulating concentrations of

melatonin. The bioavailability of melatonin through dietary

supplementation is thought to be varied, dependent on

species and geography, but relatively low [99]; however, a

number of laboratory studies, including this current study,

have shown that supplementation with dietary melatonin

can rapidly promote behavioural and physiological change

[68,100,101]. This suggests that selective foraging of foods

with high melatonin content may provide another means

by which animals can mitigate the negative impact of living

in brightly lit urban environments [102].
.R.Soc.B
370:20140122
5. Conclusion
Ecological light pollution, in the form of LAN, is highly likely to

remain a legacy of population expansion and urban growth. To

minimize the biological impact of the presence of artificial

LAN necessitates an understanding of underlying mechanisms.

The complexity of the biological response requires an inter-

disciplinary approach that combines long-term field and

experimental laboratory studies in behaviour, physiology and
neurobiology. Such data are logistically challenging to obtain,

particularly in vertebrates; however, given the ubiquitous

nature and functionality of melatonin, invertebrates may provide

a tractable avenue for future research in the area. Finally, despite

the fact that species-specific (as well as taxon-wide) differences in

response to LAN are already well documented, it is critical

that research in the field includes studies on the myriad of invert-

ebrates that may live in urban environments, particularly given

their importance in maintaining the health of aquatic and

terrestrial ecosystems.
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