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range shifts driven by climate change and increased artificial light at night (ALAN).
Activity patterns are often driven by light cycles, which will have important consequences for species interactions.
2. We tested whether longer photoperiods lead to higher parasitism rates by a dayactive parasitoid on its host using a laboratory experiment in which we independently varied daylength and the presence of ALAN. We then tested whether
reduced nighttime temperature tempers the effect of ALAN.
3. We found that parasitism rate increased with daylength, with ALAN intensifying
this effect only when the temperature was not reduced at night. The impact of
ALAN was more pronounced under short daylength. Increased parasitoid activity
was not compensated for by reduced life span, indicating that increased daylength
leads to an increase in total parasitism effects on fitness.
4. To test the significance of increased parasitism rate for population dynamics, we
developed a host–parasitoid model. The results of the model predicted an increase in time-to-equilibrium with increased daylength and, crucially, a threshold
daylength above which interactions are unstable, leading to local extinctions.
5. Here we demonstrate that ALAN impact interacts with daylength and temperature by changing the interaction strength between a common day-active consumer
species and its host in a predictable way. Our results further suggest that range
expansion or ALAN-induced changes in light regimes experienced by insects and
their natural enemies will result in unstable dynamics beyond key tipping points in
daylength.
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hours (Sanders, Kehoe, et al., 2018). Therefore, if their host parasitism rate is time-limited (Henri, Seager, Weller, & van Veen, 2012),

Climate change has caused many species to shift their ranges pole-

parasitism rates should increase with longer daily light exposure,

ward (Parmesan & Yohe, 2003), altering their interactions with other

whether from longer daylength or ALAN. ALAN has the potential to

species (Carrasco et al., 2018; Ettinger & HilleRisLambers, 2017).

increase activity, but for ectothermic animals (whose activity is also

However, as species track their thermal niches, and move closer to

reliant on temperature), this will only be possible when nighttime

the poles, they experience longer summer days. Additionally, the

temperatures also permit activity. However, any effect of increased

light cycles they experience throughout their range are now less

attack rate on population dynamics could reduce if it is associated

predictable due to the increasingly widespread introduction and

with a reduction in the reproductive life span (and attack rate later

increased use of artificial light at night (ALAN). Much of this light-

in life) of parasitoids, in the manner of ‘live fast, die young’ (Travers,

ing has also become brighter and with a broader spectral range

Garcia-Gonzalez, & Simmons, 2015). This effect would reduce any

than in the 20th century (Elvidge, Keith, Tuttle, & Baugh, 2010;

effect on increased lifetime fecundity of the parasitoids.

Gaston, Duffy, Gaston, Bennie, & Davies, 2014; Kyba et al., 2017).

In this study, we use controlled experiments to test the follow-

Approximately 23% of global land area now experiences light pollu-

ing predictions of the effect of photoperiod on parasitism rate: (1)

tion (Falchi et al., 2016). ALAN causes a range of biological effects,

Longer daylengths lead to higher daily parasitism rates of parasitoids

such as advancing budburst timings by 7 days (Ffrench-Constant

on aphids; (2) Exposure to ALAN is associated with higher parasit-

et al., 2016; Partanen, Koski, & Hänninen, 1998) and altering activ-

ism rates; (3) Reduced nighttime temperature relative to daytime re-

ity patterns (e.g. Beier, 2006; Stone, Jones, & Harris, 2009).

duces the effect of ALAN on parasitism rates; (4) ALAN impact will

Given that daily light cycles govern the activity patterns of many

be stronger under shorter daylength. (5) Increased parasitoid attacks

insect species, such changes in light regime are likely to affect the di-

associated with long day treatments in early life will reduce attack

rect and indirect interactions among insect species. One key, and agri-

frequency later in life so that lifetime fecundity remains unaffected

culturally important, species interaction is between European aphids

by photoperiod. Finally, we apply the effects we observe in predic-

and their parasitoids. A multi-generational experiment has shown that

tions 1–5 above to a host–parasitoid population dynamic model.

increasing the daylength experienced by an aphid–parasitoid commu-

This model allows us to predict (6) the effects of photoperiod on the

nity altered the relative abundance of the aphid species (Kehoe, Cruse,

stability of host–parasitoid interactions and thereby the likelihood

Sanders, Gaston, & van Veen, 2018). ALAN also affects the dynamics

of light regime-driven extinctions and pest outbreaks in a range of

of such systems, destabilizing communities (Sanders, Kehoe, Cruse, van

biologically and environmentally realistic parameters.

Veen, & Gaston, 2018; Sanders et al., 2015). A potential mechanism for
these effects is an increase in parasitoid daily activity with increased
photoperiod (Guo, Snell, & Yang, 2010; Zilahi-Balogh, Shipp, Cloutier, &
Brodeur, 2006), leading to higher attack rates. It is, therefore, becoming
clear that predicting some of the effects of global change depends on

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study system

understanding the effect of altered photoperiod and ALAN on species'
interactions, in concert with its direct effects on species' performance

We used a plant–aphid–parasitoid food chain consisting of broad bean

(Sanders, Kehoe, et al., 2018; Sanders et al., 2016; Urban et al., 2016).

plants (Vicia faba, L., var. the Sutton, grown from seed) as the food re-

Furthermore, any short-term effects on interactions, as measured in

source for the vetch aphid Megoura viciae (Buckton). Megoura viciae, in

experiments, should be incorporated in population-dynamic models

turn, was the host of the day-active parasitoid Aphidius megourae (Stary).

to better understand and predict their potential long-term populationlevel consequences, which may include not only changes in equilibrium
densities but also in stability and thereby population fluctuations and
outbreaks (van Veen, van Holland, & Godfray, 2005).

2.2 | Experiment 1: Impact of daylength, ALAN and
night temperature on parasitism rate

The responses of agricultural pests to climate change and how
they interact with responses to other forms of anthropogenic change

To assess how different day–night regimes, artificial light and a reduc-

such as ALAN remain a key unknown in predicting crop productivity

tion in nighttime temperature affect the parasitism rate of the parasitoid

under future climates (Gornall et al., 2010). Aphids and their natural

A. megourae, we conducted a laboratory experiment where individual

enemies are an important model system to address this question,

parasitoids were exposed to 100 aphids under one of 16 treatments

given the detailed understanding of their life history and ecology,

for 24 hr. This short-term experiment recreates the first generation of

and because many species are major agricultural pests, causing

a parasitoid which has recently expanded its range through range ex-

extensive damage to crops (Dedryver, Le Ralec, & Fabre, 2010).

pansion or migration. Each experimental trial consisted of a 2-week-old

Parasitoid wasps are an important group of natural enemies of aphids

broad bean plant infected with 100 third instar Megoura viciae aphids

and are widely used as biological control agents in agriculture (van

(100 aphids is above the maximum number that can be attacked within

Veen, Müller, Pell, & Godfray, 2008; von Burg, van Veen, Álvarez-

24 hr by A. megourae ; Sanders, Kehoe, et al., 2018). We then covered

Alfageme, & Romeis, 2011). They are mainly active during daylight

each plant with a ventilated, transparent plastic bag for the duration of
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the experiment. A freshly hatched (<12 hr old) mated female A. megou-

and a reduction in night temperature included into the model as the

rae parasitoid, from stock culture, reared at a 16:8 L:D regime at 18°C

explanatory variables. Daylength was analysed as a continuous variable.

was then released onto the plant, and the replicate placed into a climate chamber (Percival Model 1-30vl).
Once in the climate chambers, each plant was exposed to one of

2.4.2 | Experiment 2

the 16 experimental treatments, in a fully cross-factored design that
consisted of four different daylength treatments (12:12, 14:10, 16:8

The lifetime fecundity of A. megourae was analysed using a mixed-

and 18:6 hr day-night cycles). The day–time light was set to 4,239

effects model from the package nlme (Pinheiro et al., 2017), with the

lux, equivalent to a typical overcast day (Gaston, Bennie, Davies,

number of mummies as the response variable, and daylength and day

& Hopkins, 2013). For each daylength treatment, half of the meso-

as explanatory variables. The terms ‘parasitoid ID’ and ‘Day’ which rep-

cosms were exposed to completely dark nights, while the other half

resents parasitoid age over the time of the experiment were used as

experienced artificial light during the night period (20 lux, equiva-

random effects. The significance of the interaction between parasitoid

lent to street lighting; Gaston et al., 2013; Stone et al., 2009). These

age and daylength was also tested by comparing the model with and

treatments were further divided into those exposed to constant

without the interaction using likelihood ratio tests. Temporal autocor-

temperature (18°C) or exposed to a drop in nighttime temperatures

relation was negligible (all partial autocorrelations were below 0.2),

(18°C during the day and 12°C at night) to simulate the natural drop

and therefore not included in the model. Model assumptions were

(see Table S1 for a summary). Each treatment was replicated 10

checked visually for heteroscedasticity and common distributions.

times, giving a total of 160 plant–aphid–parasitoid trials.

We performed all analyses using R version 3.5.1 (R Core

Each replicate was left in the climate chamber for 24 hr, after which

Team, 2018). Final models were chosen based on the lowest AIC val-

time the parasitoid was removed, and the plants relocated to a tem-

ues (Akaike, 1998) and by using likelihood ratio tests to determine

perature-controlled room set to 16:8 light:dark and 18°C and were

which parameters were included.

left for 2 weeks. The bag was then removed, and the number of aphid
mummies (indicating the number of successful attacks) counted.

2.3 | Experiment 2: Impact of daylength on
parasitoid longevity and lifetime fecundity

2.5 | Testing the effect of changes in parasitism rate
on population dynamics models
To assess how any changes in parasitism rate of A. megourae with increasing light hours, as observed in the experiments, would affect the

A freshly hatched (<12 hr old) mated female A. megourae parasitoid,

population dynamics of its interaction with M. viciae, we used a varia-

from stock culture, reared at a 16:8 L:D regime at 18°C was placed in

tion of the Lotka–Volterra predator–prey model, specifically modified

a transparent ventilated plastic bag with one 2-week-old broad bean

and parameterized for aphid–parasitoid systems (van Veen et al., 2005).

plant, and 100 third instar M. viciae aphids. This mesocosm was then
placed in a climate chamber set to either 12:12 or 18:6 hr light:dark
and constant 18°C temperature. Each day at noon the parasitoid was
removed from the mesocosm and placed in a new one with 100 new
aphids on a new plant. This daily transfer continued until the death

𝛼 P
dN
,
= rN (1 − 𝛼N) − N P
dt
1 + bN
s 𝛼P P
dP
=N
− 𝜇P.
dt
1 + bN + cP

of the parasitoid. Once the parasitoid was removed from each meso-

This model describes the relationship between a host (N) and a para-

cosm and placed in the new one, the old mesocosm, complete with

sitoid (P). Here, r represents the intrinsic rate of aphid increase and α

bean plant and both parasitized and unparasitized aphids, was placed

the intraspecific competition coefficient for the host (i.e. the inverse of

in an 18°C controlled temperature room at 16:8 light:dark for 2 weeks

their carrying capacity). Parasitoid handling time is represented by b,

to allow the mummies to develop. The number of mummies, signifying

parasitoid attack rate by αp and parasitoid sex ratio by s. The effect of

the number of successful attacks, was then recorded. Each treatment

parasitoid density on its recruitment is represented by c, and parasit-

was replicated seven times, giving a total of 14 parasitoids.

oids die at a density-independent rate of μ.
System-specific parameter values were estimated from the dy-

2.4 | Statistical analysis
2.4.1 | Experiment 1

namics of experimental populations by van Veen et al. (2005) as
r = 3.22, b = 0.0233, s = 0.5, c = 1.26, μ = 0.634, αp = 0.281 (at
16 hr daylight). Here, to generate predictions for a wider range of
potential species, we created 1,000 sets of parameter values for r,
b and μ by randomly sampling these from normal distributions with

To analyse the number of successful attacks by A. megourae, we used a

the estimated values above as the mean and a standard deviation of

generalized linear model with a quasibinomial error structure. The pro-

the mean divided by 20. Values for s and c were fixed at the above

portion of aphids that were successfully parasitized was used as the re-

estimates. We set the host carrying capacity at an arbitrary value of

sponse variable, and a three-way interaction between daylength, ALAN

10,000, which corresponds to α = 0.0001.
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To simulate the effect of daylength, we assume that parasitoid

Figure 1a). This interaction indicated that all three variables and their

attack rate is proportional to the number of daylight hours. This is

interactions were important in explaining the parasitoid's response

the most parsimonious assumption for time-limited parasitoids at-

to changes in light regime. Overall, longer daylight hours were as-

tacking hosts at a constant rate during a daily active period that is

sociated with an increased mean parasitism rate of A. megourae from

limited by photoperiod. Based on the estimated value of αp = 0.28

31.48 ± 15.58 SD successful attacks out of 100 aphids at 12-hr days

at a daylength of 16 hr in van Veen et al. (2005), we used a range of

to 61.26 ± 17.12 at 18-hr days (Figure 1a; Table 1).

αp of 0.21–0.32 to correspond with daylengths ranging from 12 to

Additionally, parasitoids experiencing ALAN under constant

18 hr. For each of the 1,000 sets of randomly selected parameter

temperature increased their parasitism rate by an average of 26.5

values we ran the model for this range of αp, in increments of 0.01,

per 100 aphids at short daylight hours. This effect diminished at a

thus for a total of 12,000 sets of parameter values.

high number of daylight hours to an average increase of 10 per 100

Using the function ‘ode’ in r-package DeSolve (Soetaert, Petzoldt,

aphids, such that the slope of the relationship between daylength and

& Setzer, 2010), we created numerical solutions for the model for

parasitism rate was shallower in the presence of ALAN (Figure 1b).

100 time steps (1 time step corresponds to 1 week or half a gener-

However, this effect of ALAN on parasitism rate was weaker if it

ation time with these parameter values; van Veen et al., 2005) with

was associated with a drop in night temperature (Figure 1c; Table 1).

a host starting density at carrying capacity and parasitoid starting
density set at 1. Thus we simulate a parasitoid population invading
a stable host population. Invariably this results in initial fluctuations
in population density for both species that, depending on parameter

3.2 | Experiment 2: Impact of daylength on
lifetime fecundity

values, either diminish over time until new equilibrium densities are
reached or that continue indefinitely, typically in a diverging fashion

A longer photoperiod increased the overall fecundity of A. megourae,

(latter cases would realistically lead to extinctions). For each of the

from 82 ± 36.66 SD successful parasitization events over a parasi-

12,000 sets of parameter values, we recorded whether the popula-

toid's lifetime at a daylength of 12 hr to 132.67 ± 55.84 at a daylength

tions reached a stable equilibrium and, if so, the aphid and parasitoid

of 18 hr (t28 = 3.5, p = 0.002; Figure 2b). In addition, parasitism rate

densities at equilibrium, and the time taken to reach the equilibrium

decreased with age from 0.23 ± 0.09 (12:12) and 0.41 ± 0.01 (18:06)

(defined as the first point where the densities of both host and par-

at the first day to 0.05 ± 0.007 (12:12) and 0.05 ± 0.008 (18:06) on

asitoid populations are within 0.0001 from the previous two time
points) and plotted these values against the value of αp.

day 7 (t40 = −7.3, p ≤ 0.001; Figure 2). There was no interaction be-

tween photoperiod and parasitoid age (χ2 = 1.6, df = 1, p = 0.2), showing that the effect of daylength was consistent over the lifetime of
the parasitoids, with no apparent cost of increased reproduction in

3 | R E S U LT S

early life on reproduction at later stages. There was also no significant

3.1 | Experiment 1: Impact of daylength, ALAN and
night temperature on parasitism rate
The duration of light hours per day had a marked impact on para-

effect of daylength treatment on survival of parasitoids (Figure S1).

3.3 | Impact of parasitism rate on population
dynamic models

sitoid performance. We found a significant three-way interaction
between daylength, ALAN and a reduction in night temperature on

At lower levels of parasitism rate the majority of simulations show

the parasitism rate of A. megourae (t152 = −2.627, p < 0.01; Table 1;

damped oscillations leading to a stable equilibrium but time taken to

TA B L E 1 Results of a generalized linear
model with quasibinomial error structure,
including a three-way interaction between
daylength, ALAN and a drop in night
temperature on Aphidius megourae's
parasitism rate. Levels of significance:
**p < 0.01; ***p < 0.001. Bold values
indicate significance of p < 0.05

Estimate

SE

df

t Value

p Value

Intercept

2.68

0.34

159

−5.28

<0.001***

Daylength

0.09

0.02

158

3.73

0.001***

ALAN

−1.96

0.53

157

−3.65

0.001***

Drop in night temperature

−1.04

0.50

156

−1.83

0.07

Daylength × ALAN

0.09

0.03

155

2.84

0.005**

Daylength × Drop in night
temperature

0.05

0.03

154

1.41

0.16

ALAN × Drop in night
temperature

2.09

0.76

153

2.86

0.005**

−0.12

0.05

152

−2.63

0.009**

Daylength × ALAN × Drop
in night temperature

Abbreviation: ALAN, artificial light at night.
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(a)

Parasitism rate

0.75

0.50

Constant temperature

0.25

ALAN, constant temperature
Reduced nocturnal temperature
ALAN, reduced nocturnal temp

12

14
16
Number of daylight hours

(b)
75

Constant
temperature

50

Parasitism rate

18

(c)

0.75
0.50

Drop in night
temperature

0.25
12

12

(a)

F I G U R E 1 Parasitism rate as a measure
of interaction strength. (a) Boxplots with
median, and quartiles showing the effect
of all treatments (daylength, artificial light
at night and a reduction in temperature at
night) on the parasitism rate of Aphidius
megourae on 100 Megoura viciae aphids
over a 24-hr period. (b) Line plot showing
individual values, mean and 95% CI based
on a linear model for each daylength
incorporating unlit and lit treatments
without a drop in temperature. (c) The
effect size (standardized mean difference)
of ALAN on the parasitism rate of A.
megourae under a drop in night versus
day temperature compared to constant
temperature treatments

14

16

18

14
16
18
Number of daylight hours

p

0.0

Unlit 0.0Lit

0.5

1.0

0.5
1.0
ALAN effect size

1.5

1.5

(b)

F I G U R E 2 (a) Box plot and
interquartile range showing the effect
of daylength on the parasitism rate of
Aphidius megourae over the parasitoids'
lifetime. White boxes display the 12-hr
daylength treatment and grey boxes the
18-hr treatment. (b) shows overall lifetime
fecundity as the sum of all successful
attacks
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Time to stable equilibrium
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Proportion of models that reached equilibrium

F I G U R E 3 The median and
interquartile range of the time for
the Lotka–Volterra model to reach
equilibrium, based on 1,000 simulations
per attack rate step, loess regression
(orange line) and proportion of simulations
reaching equilibrium (dark red line) (a).
The median and interquartile range
for population densities of parasitoids
(b) and aphids (c) and at the point of
equilibrium
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800
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0.22

0.22

0.24
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0.26

0.26
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0.28

Parasitoid Attack Rate

0.30
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Parasitoid a ack rate
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0.32

4000
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0.24
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0.26
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0.28
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Parasitoid Attack Rate

0.30

0.30

Parasitoid a ack rate

0.32

0.32

reach equilibrium increases with higher attack rates while the pro-

might be limited by nighttime temperatures. Further, in our second

portion reaching an equilibrium declines rapidly (Figure 3a). Focusing

experiment we showed that these effects are sustained over a parasi-

on only those sets of parameters where an equilibrium is reached,

toid's life and can therefore be expected to affect the host–parasitoid

the equilibrium densities of the parasitoid and especially the host

interaction strength and thereby population dynamics. Our modelling

decrease with increasing attack rate (Figure 3b,c). In these scenar-

results do indeed lead us to predict that host–parasitoid dynamics

ios, the equilibrium density of the host decreased with increasing

are altered by increased daylength such that stable equilibria become

attack rate. The remaining simulations did not reach an equilibrium

less likely and take longer to be reached from non-equilibrium start-

instead showing indefinite wide fluctuations, which in reality would

ing points. These results highlight how increased parasitoid activity

no doubt lead to (local) population extinctions.

periods, due to poleward range shifts and/or ALAN, can have substantial effects on host–parasitoid dynamics.

4 | D I S CU S S I O N

It has previously been shown that both an increase in temperature and the presence of artificial light can increase parasitism rate
in some parasitoids (Burnett, 1951; Malina & Praslicka, 2008), but

Our experiments test the relationship between interaction strength

not in others (Heimpel & Rosenheim, 1998). Here we show how

and light regime for a common diurnal consumer species and its host.

ALAN, nighttime temperature and daylength interact in driving

The results demonstrate that the strength of the interaction between

parasitism rate. In the absence of ALAN, a drop in nighttime tem-

the parasitoid A. megourae and its host M. viciae depends closely on

perature had little or no effect on parasitism rate in our study,

light regimes, with both increasing daylength and artificial light at

probably because day-active parasitoids are not active when it is

night increasing the parasitism rate of A. megourae. There was a steep

dark, irrespective of temperature (Sanders, Kehoe, et al., 2018).

increase in parasitism rate with longer daylength, which was matched

However, under ALAN, nighttime temperature becomes the limit-

by a positive effect of ALAN on parasitism rate that was strongest

ing factor determining the activity level of the parasitoid. Here, we

under shorter daylengths. However, this increase in parasitism rates

only included two nocturnal temperature treatments, and so can-

associated with ALAN was weaker when there was a nocturnal drop

not detect any nonlinearity or threshold effects in this relationship.

in temperature of 6°C (i.e. cool nights and warmer days, as is typically

The interaction observed between daylength and ALAN, where

the case in temperate regions), indicating that the effect of ALAN

the effect of the latter was most pronounced under short days,

2514

|

Journal of Animal Ecology

KEHOE et al.

highlights that the effect of ALAN on species and their communities

extended to longer days but, given that our results show that dy-

may depend on the season and associated day–night regimes. Our

namics are predicted to be invariably highly unstable at longer days

results suggest that ALAN will increase parasitism rates more in early

(as discussed below), the exact relationship between daylength and

spring and autumn when natural daylength is shorter, but only in

attack rate at these extremes is largely irrelevant.

situations where nighttime temperature is not a limiting factor. The

Our model results showed that with increasing attack rate equi-

effect of ALAN will also be more likely in more southerly latitudes

librium host density declines and the population dynamics become

during the summer where days are shorter and nights warmer. We

less stable (measured as the proportion of the 1,000 sets of param-

may also expect stronger effects in urban environments where high

eter values for which the model populations reach a stable equi-

prevalence of ALAN is associated with raised nighttime tempera-

librium and as the time taken to reach that equilibrium, given the

tures due to the urban heat island effect (Nichol, 2005). Given that

starting densities). When the attack rate parameter is ≥0.28 (equiv-

nighttime temperatures are known to be increasing at rates greater

alent to daylengths >16 hr) almost none of the parameter sets lead

than daytime temperatures due to climate change (Davy, Esau,

to a stable equilibrium (Figure 3) and the dynamics are largely cha-

Chernokulsky, Outten, & Zilitinkevich, 2017), this impact of ALAN

otic in nature, with irregularly spaced high amplitude fluctuations.

on populations is likely to increase with ongoing climate change.

In nature, one would expect this to lead to a high frequency of local

The observation of increased parasitism under long daylengths

extinctions as well as large outbreaks, unless other stabilizing factors

indicates that these day-active parasitoids are time- rather than

prevent this (e.g. Kehoe et al., 2016; Sanders, Thébault, Kehoe, &

egg-limited. However, one might expect that increased oviposition

Van Veen, 2018). Importantly, this means for crop pest insects con-

opportunities, due to longer active periods, come at a cost in terms

trolled by parasitoids, or similarly day-active and time-limited natural

of reduced fecundity or survival later in life, as finite resources are

enemies, that although equilibrium pest densities will initially decline

used up more rapidly (Ellers & Van Alphen, 1997). As such, the effect

with poleward range-shifts, the population fluctuations will also in-

of increased daily activity periods in early life could be cancelled out

crease and potentially dramatically so. This increased variation may

in later life to leave the cumulative number of hosts killed by a parar-

result in more unpredictable and damaging pest outbreaks. Our

asitoid over its lifetime unaffected. Our second experiment, however,

model predicts that for any given set of species-specific parameter

could not detect such a trade-off between early and late life as life-

values, there is a threshold attack rate, and therefore latitude, above

time fecundity of parasitoids was significantly higher at longer days

which there is no stable equilibrium. Additionally, the approach to-

(Figure 2b) and survival was not affected by daylength. Furthermore,

wards such a threshold would be characterized by a steadily decreas-

in natural habitats, parasitoid life span is likely to be much shorter than

ing prey abundance, but with increasing population fluctuations, as

in the laboratory due to elevated extrinsic mortality rates. As such,

indicated by the increase in time-to-equilibrium.

the effects of daylength on parasitism rate in early life reported here

In order to investigate the general principles, we kept daylength

are probably the most representative measure. These early life rates

constant for each iteration of our model. However, daylength varies

of parasitism and their sensitivity to light and temperature constraints

seasonally, and more strongly so nearer to the poles. Most temperate

on the length of the daily activity period are therefore likely to have a

insects are only active between the spring and autumn equinoxes and

major effect on species interactions in natural populations.

daylengths at the start and end of the season will therefore be near

The observed effect of photoperiod on parasitism rate implies a

12 hr, irrespective of latitude, with a midsummer peak in daylength

similar effect on host–parasitoid interaction strength, which is a crit-

that increases with latitude. Our results should therefore not be con-

ical parameter determining population dynamics. With our model,

sidered predictions of at which precise latitudes the strong destabiliz-

we tested how the daylength-associated changes in parasitism rate

ing effects will occur and more detailed investigations are required to

that we observed empirically, are likely to affect host–parasitoid

study the effect of seasonal variation in daylength in this context. The

population dynamics. In this modified Lotka–Volterra model, the

species-specific number of generations per season and their timing

interaction strength between host and parasitoid is represented

will be important factors in this respect.

by the attack rate parameter which is related, but not identical, to

The experiments and modelling in this study demonstrate the

the daily parasitism rate that we measured in our experiments. We

potential importance of including natural and artificial light re-

assumed that attack rate is proportional to the length of the daily

gimes when predicting the effects of environmental change on

activity period (i.e. daylength), using the estimate for attack rate at

species interactions that determine the dynamics of ecological

a 16-hr daylength (van Veen et al., 2005) to give us a representa-

communities. Such understanding is especially important where

tive range for daylengths of 12–18 hr. This simple linear relation-

food security depends on the natural control of agricultural pests.

ship between daylength and attack rate is the most parsimonious

A vital next step is to test the model predictions of the effect of

approach and is further justified by our experimental results, which

daylength on host–parasitoid dynamics experimentally. Finally,

show a linear relationship between daylength and parasitism rate

the strong response of a diurnal host–parasitoid system reported

in our first experiment, and a similar ratio of lifetime fecundity (i.e.

here also emphasizes the importance of focussing on the impact

cumulative number of hosts killed) to daylight hours in the 12- and

of ALAN not just on nocturnal species but also on those that are

18-hr daylength treatments of our second experiment. It is of course

chiefly diurnal, on which the effects of ALAN may be just as pro-

possible that this relationship becomes shallower if it were to be

found, if not as intuitive.

Journal of Animal Ecology

KEHOE et al.

AC K N OW L E D G E M E N T S
Many thanks to Eleanor Hackett and Tom Travers Cook for assistance with data collection, and the NERC GW4 + Doctoral Training
Programme for funding.
AU T H O R S ' C O N T R I B U T I O N S
R.K., D.S. and F.v.V. conceived the ideas and designed methodology; R.K., M.S. and D.C. collected the data; R.K. and D.S. analysed
the data; R.K. led the writing of the manuscript. All authors contributed critically to the drafts and gave final approval for publication.
DATA AVA I L A B I L I T Y S TAT E M E N T
Data are stored with figshare https://doi.org/10.6084/m9.figshare.
12674528.v1 (Kehoe et al., 2020).
ORCID
Rachel Kehoe

https://orcid.org/0000-0003-2812-1667

Dirk Sanders

https://orcid.org/0000-0003-2383-8693
https://orcid.org/0000-0002-7235-7928

Kevin J. Gaston
Jon R. Bridle

https://orcid.org/0000-0002-5999-0307

Frank van Veen

https://orcid.org/0000-0003-0708-5492

REFERENCES
Akaike, H. (1998). Information theory and an extension of the maximum
likelihood principle. In B. N. Petrov & F. Csaki (Eds.), Selected papers
of Hirotugu Akaike (pp. 199–213). New York, NY: Springer. https://doi.
org/10.1007/978-1-4612-1694-0_15
Beier, P. (2006). Effects of artificial night lighting on terrestrial mammals.
In C. Rich & L. Travis (Eds.), Ecological consequences of artificial night
lighting (pp. 19–42). Washington, DC: Island Press.
Burnett, T. (1951). Effects of temperature and host density on the rate
of increase of an insect parasite. The American Naturalist, 85(825),
337–352. https://doi.org/10.1086/281687
Carrasco, D., Desurmont, G. A., Laplanche, D., Proffit, M., Gols, R.,
Becher, P. G., … Anderson, P. (2018). With or without you: Effects
of the concurrent range expansion of an herbivore and its natural
enemy on native species interactions. Global Change Biology, 24(2),
631–643. https://doi.org/10.1111/gcb.13836
Davy, R., Esau, I., Chernokulsky, A., Outten, S., & Zilitinkevich, S. (2017).
Diurnal asymmetry to the observed global warming. International
Journal of Climatology, 37(1), 79–93. https://doi.org/10.1002/
joc.4688
Dedryver, C. A., Le Ralec, A., & Fabre, F. (2010). The conflicting relationships between aphids and men: A review of aphid damage and control strategies. Comptes Rendus Biologies, 333(6), 539–553. https://
doi.org/10.1016/j.crvi.2010.03.009
Ellers, J., & Van Alphen, J. J. (1997). Life history evolution in Asobara
tabida: Plasticity in allocation of fat reserves to survival and reproduction. Journal of Evolutionary Biology, 10, 771–785. https://doi.
org/10.1007/s000360050053
Elvidge, C. D., Keith, D. M., Tuttle, B. T., & Baugh, K. E. (2010). Spectral
identification of lighting type and character. Sensors, 10(4), 3961–
3988. https://doi.org/10.3390/s100403961
Ettinger, A., & HilleRisLambers, J. (2017). Competition and facilitation
may lead to asymmetric range shift dynamics with climate change.
Global Change Biology, 23(9), 3921–3933. https://doi.org/10.1111/
gcb.13649
Falchi, F., Cinzano, P., Duriscoe, D., Kyba, C. C. M., Elvidge, C. D.,
Baugh, K., … Furgoni, R. (2016). The new world atlas of artificial

|

2515

night sky brightness. Science Advances, 2(6), e1600377. https://doi.
org/10.1126/sciadv.1600377
Ffrench-Constant, R. H., Somers-Yeates, R., Bennie, J., Economou, T.,
Hodgson, D., Spalding, A., & McGregor, P. K. (2016). Light pollution
is associated with earlier tree budburst across the United Kingdom.
Proceedings of the Royal Society B: Biological Sciences, 283(1833),
1471–2954. https://doi.org/10.1098/rspb.2016.0813
Gaston, K. J., Bennie, J., Davies, T. W., & Hopkins, J. (2013). The ecological impacts of nighttime light pollution: A mechanistic appraisal. Biological Reviews, 88(4), 912–927. https://doi.org/10.1111/
brv.12036
Gaston, K. J., Duffy, J. P., Gaston, S., Bennie, J., & Davies, T. W. (2014).
Human alteration of natural light cycles: Causes and ecological consequences. Oecologia, 176(4), 917–931. https://doi.org/10.1007/
s00442-014-3088-2
Gornall, J., Betts, R., Burke, E., Clark, R., Camp, J., Willett, K., & Wiltshire,
A. (2010). Implications of climate change for agricultural productivity in the early twenty-first century. Philosophical Transactions of the
Royal Society of London B: Biological Sciences, 365(1554), 2973–2989.
https://doi.org/10.1098/rstb.2010.0158
Guo, R., Snell, T. W., & Yang, J. (2010). Studies of the effect of environmental factors on the rotifer predator–prey system in freshwater.
Hydrobiologia, 655(1), 49–60. https://doi.org/10.1007/s10750 010-0403-8
Heimpel, G. E., & Rosenheim, J. A. (1998). Egg limitation in parasitoids:
A review of the evidence and a case study. Biological Control, 11(2),
160–168. https://doi.org/10.1006/bcon.1997.0587
Henri, D. C., Seager, D., Weller, T., & van Veen, F. F. (2012). Potential
for climate effects on the size-structure of host–parasitoid indirect
interaction networks. Philosophical Transactions of the Royal Society B:
Biological Sciences, 367(1605), 3018–3024. https://doi.org/10.1098/
rstb.2012.0236
Kehoe, R. C., Cruse, D., Sanders, D., Gaston, K. J., & van Veen, F. F.
(2018). Shifting daylength regimes associated with range shifts alter
aphid-parasitoid community dynamics. Ecology and Evolution, 8(17),
8761–8769. https://doi.org/10.1002/ece3.4401
Kehoe, R. C., Frago, E., Barten, C., Jecker, F., van Veen, F. F., & Sanders,
D. (2016). Nonhost diversity and density reduce the strength
of parasitoid–host interactions. Ecology and Evolution, 6(12),
4041–4049.
Kehoe, R., Sanders, D., Cruse, D., Silk, M., Gaston, K. J., Bridle, J. R., & van
Veen, F. (2020). Data from: Longer photoperiods through range shifts
and artificial light lead to a destabilising increase in host-parasitoid
interaction strength [Main Data]. Figshare, https://doi.org/10.6084/
m9.figshare.12674528.v2
Kyba, C. C. M., Kuester, T., Sánchez de Miguel, A., Baugh, K., Jechow, A.,
Hölker, F., … Guanter, L. (2017). Artificially lit surface of Earth at night
increasing in radiance and extent. Science Advances, 3(11), e1701528.
https://doi.org/10.1126/sciadv.1701528
Malina, R., & Praslicka, J. (2008). Effect of temperature on the developmental rate, longevity and parasitism of Aphidius ervi Haliday. Plant
Protections Science, 44(1), 19–24.
Nichol, J. (2005). Remote sensing of urban heat islands by day and night.
Photogrammetric Engineering & Remote Sensing, 71, 613–621. https://
doi.org/10.14358/PERS.71.5.613
Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of climate change impacts across natural systems. Nature, 421(6918),
37–42. https://doi.org/10.1038/nature 01286
Partanen, J., Koski, V., & Hänninen, H. (1998). Effects of photoperiod
and temperature on the timing of bud burst in Norway spruce (Picea
abies). Tree Physiology, 18(12), 811–816. https://doi.org/10.1093/
treephys/18.12.811
Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., Heisterkamp, S., & Van
Willigen, B. (2017). Package ‘nlme’. Linear and nonlinear mixed effects
models. R package version 3.1.

2516

|

Journal of Animal Ecology

R Core Team. (2018). R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.
Sanders, D., Kehoe, R., Cruse, D., Van Veen, F., & Gaston, K. (2018).
Low levels of artificial light at night strengthen top-down control
in insect food web. Current Biology, 28(15), 2474–2478. https://doi.
org/10.1016/j.cub.2018.05.078
Sanders, D., Kehoe, R., Tiley, K., Bennie, J., Cruse, D., Davies, T. W., &
Gaston, K. J. (2015). Artificial nighttime light changes aphid-parasitoid
population dynamics. Scientific Reports, 5, 15232. https://doi.org/
10.1038/srep15232
Sanders, D., Kehoe, R., van Veen, F. J. F., McLean, A., Godfray, H. C. J.,
Dicke, M., … Frago, E. (2016). Defensive insect symbiont leads to
cascading extinctions and community collapse. Ecology Letters, 19(7),
789–799. https://doi.org/10.1111/ele.12616
Sanders, D., Thébault, E., Kehoe, R., & Van Veen, F. (2018). Trophic redundancy reduces vulnerability to extinction cascades. Proceedings
of the National Academy of Sciences of the United States of America,
115(10), 2419–2424. https://doi.org/10.1073/pnas.1716825115
Soetaert, K., Petzoldt, T., & Setzer, R. W. (2010). Package deSolve:
Solving initial value differential equations in R. Journal of Statistical
Software, 33, 1–25.
Stone, E. L., Jones, G., & Harris, S. (2009). Street lighting disturbs
commuting bats. Current Biology, 19(13), 1123–1127. https://doi.
org/10.1016/j.cub.2009.05.058
Travers, L. M., Garcia-Gonzalez, F., & Simmons, L. (2015). Live fast die
young life history in females: Evolutionary trade-off between early
life mating and lifespan in female Drosophila melanogaster. Scientific
Reports, 5, 15469. https://doi.org/10.1038/srep15469
Urban, M. C., Bocedi, G., Hendry, A. P., Mihoub, J.-B., Peer, G., Singer,
A., … Travis, J. M. J. (2016). Improving the forecast for biodiversity
under climate change. Science, 353(6304), aad8466. https://doi.
org/10.1126/science.aad8466

KEHOE et al.

van Veen, F., Müller, C., Pell, J., & Godfray, H. (2008). Food web structure
of three guilds of natural enemies: Predators, parasitoids and pathogens of aphids. Journal of Animal Ecology, 77(1), 191–200. https://doi.
org/10.1111/j.1365-2656.2007.01325.x
van Veen, F., van Holland, P. D., & Godfray, H. C. J. (2005). Stable coexistence in insect communities due to density- and trait-mediated
indirect effects. Ecology, 86(12), 3182–3189. https://doi.org/
10.1890/04-1590
von Burg, S., van Veen, F. J., Álvarez-Alfageme, F., & Romeis, J. (2011).
Aphid–parasitoid community structure on genetically modified
wheat. Biology Letters, 7(3), 387–391. https://doi.org/10.1098/rsbl.
2010.1147
Zilahi-Balogh, G., Shipp, J., Cloutier, C., & Brodeur, J. (2006). Influence
of light intensity, photoperiod, and temperature on the efficacy of two aphelinid parasitoids of the greenhouse whitefly.
Environmental Entomology, 35(3), 581–589. https://doi.org/10.1603/
0046-225X-35.3.581

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Kehoe R, Sanders D, Cruse D, et al.
Longer photoperiods through range shifts and artificial light
lead to a destabilizing increase in host–parasitoid interaction
strength. J Anim Ecol. 2020;89:2508–2516. https://doi.org/10.
1111/1365-2656.13328

