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Abstract
Artificial light at night (ALAN) has been shown to alter aspects of plant growth, but we are not aware of any studies that 
have examined whether the effects of ALAN on plants depend upon the backdrop of variation in other abiotic factors that 
plants encounter in field populations. We conducted a field experiment to investigate whether ALAN affects the growth 
and anti-herbivore defenses of common milkweed, Asclepias syriaca, and whether the effects of ALAN are influenced by 
plant density or soil moisture content. Artificial light at night, soil moisture, and plant density were manipulated according 
to a split-plot factorial design. Although increasing soil moisture by watering had no significant effects on latex exudation, 
attributes of plant growth generally responded positively to watering. The basal stem diameter (BSD) and height of plants 
were affected by ALAN × soil moisture interactions. For both of these variables, the positive effects of ALAN were greater 
for plants that were not watered than for plants that were. Basal stem diameter was also affected by an ALAN × plant density 
interaction, and the positive effect of ALAN on BSD was greater in the low-density treatment than in the high-density treat-
ment. Our results demonstrate that the effects of ALAN on plant growth can be altered by soil moisture and plant density. 
Consequently, the effects of ALAN on plants in nature may not be consistent with existing frameworks that do not account 
for critical abiotic variables such as water availability or biotic interactions between plants such as competition.
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Introduction

Artificial light at night (hereafter ALAN) currently affects 
nearly a quarter of Earth’s terrestrial surface (Longcore and 
Rich 2004; Falchi et al. 2016). Over the past decade, there 

has been growing interest in understanding the biological 
and ecological effects of this pervasive sensory pollutant 
(Gaston et al. 2013; Falchi et al. 2016). It has adverse effects 
on animal behavior, for instance redirecting sea turtle hatch-
lings towards build structures rather than the ocean (With-
erington and Martin 2000) and reducing foraging behavior 
in New Zealand weta (Farnworth et al. 2018). ALAN also 
changes local abundances of terrestrial invertebrates (Davies 
et al. 2012, 2017). Effects of ALAN on demographic pro-
cesses in animal populations have also been found (Fire-
baugh and Haynes 2019). Much less is known about the 
effects of ALAN on wild plants (Gaston et al. 2013; Bennie 
et al. 2016) despite the fact that as photomorphogenic organ-
isms, ALAN is likely to exert wide-ranging effects on plant 
growth, physiology, and phenology (Briggs 2006; Gaston 
et al. 2013; Bennie et al. 2015, 2016).

For plants, many of the ecological consequences of 
ALAN that have been found involve the alteration of biotic 
interactions. In contrast, little is known about whether 
the effects of ALAN depend upon variation in other abi-
otic factors that are critical to the performance of plants in 
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nature, such as temperature or soil moisture. Some previous 
research suggests that interactive effects between ALAN and 
moisture availability should be explored. For example, plants 
exposed to continuous light exhibit loss of proper stomatal 
functioning (Kwak et al. 2017, 2018). Improper stomatal 
functioning can decrease plant water use efficiency, making 
plants more susceptible to drought-related stress (Lawson 
and Blatt 2014). Moreover, the effects of continuous light 
on plant stomata may be particularly strong in the presence 
of broad-spectrum LED lights, because plant photoreceptors 
triggered by blue light are associated with stomatal move-
ments (Kami et al. 2010; Hart 1988; Briggs 2006). Such an 
effect of ALAN on plant stomata might adversely impact 
plant growth or survival.

ALAN has been shown to affect a number of biotic inter-
actions. These include plant–herbivore interactions (Bennie 
et al. 2015, 2018; Grenis and Murphy 2019), plant–pollina-
tor interactions (Knop et al. 2017; Macgregor et al. 2017), 
and tri-trophic interactions between plants, their herbivores, 
and parasitoids (Sanders et al. 2015). In a multi-year field 
experiment, Bennie et al. (2017) found that ALAN altered 
plant species composition in a semi-natural grassland. While 
they emphasized that the shifts in species composition could 
be explained by direct effects of ALAN on plant physiology 
that influence growth form, resource allocation, and phe-
nology, they did not rule out indirect effects mediated by 
biotic interactions. Furthermore, Bennie et al. (2016) argued 
that there is a need for more study on whether ALAN can 
affect plant communities through alteration of competition 
and other biotic interactions. Given that ALAN can directly 
induce plants to increase aboveground vegetative growth 
(Cathey and Campbell 1976), it is plausible that ALAN 
could intensify competition among neighboring plants for 
access to sunlight. Direct effects of ALAN on vegetative 
growth could, in turn, also increase plant demands for water 
and other soil nutrients, which could further increase com-
petition among neighboring plants. Studying the vegetative 
growth of plants grown under ALAN at different densities 
and resource availabilities would be an important first step 
in understanding the potential effects of ALAN on competi-
tion in plants.

Our objective was to test for potential interactive effects 
of ALAN with soil moisture and plant density on plant 
growth and defense. We selected common milkweed, Ascle-
pia syriaca, as our model organism because it is an herba-
ceous perennial with a range that overlaps many of the areas 
in the contiguous United States with the highest intensities 
of ALAN. As it often occupies recently disturbed habi-
tats, A. syriaca is common along transportation networks 
(Nichter and Gregory 2018) and, therefore, is exposed to 
ALAN from roadway lighting and automobile headlights.

Our objective was achieved using a manipulative field 
experiment. We manipulated ALAN (present or absent), 

plant density (one or three plants per pot), and soil moisture 
(plants provided supplemental water or received only ambi-
ent precipitation) and then monitored several attributes of 
plant growth over four weeks. We also measured exudation 
of latex, an anti-herbivore defense, during the third week 
of exposure to the treatments and biomass per plant at the 
conclusion of the experiment. We predicted that ALAN 
would have a positive effect on plant growth but a nega-
tive effect on plant defenses. Specifically, we expected that 
ALAN would stimulate plants to grow taller than their unlit 
counterparts, due to the stem-elongation response of some 
plants to continuous light (Cathey and Campbell 1975). We 
expected that ALAN-induced increases in growth would 
be weaker in plants grown at the higher density because 
competition for limiting resources would constrain growth. 
We also predicted that providing supplemental water would 
increase plant size, but that the effects would be smaller 
under ALAN because we expected ALAN-induced changes 
in stomatal functioning (Kwak et al. 2017, 2018) to increase 
water stress (Greenham and McClung 2015; Robertson et al. 
2009). Based upon growth-defense tradeoff theory (Lind 
et al. 2013; Huot et al. 2014; Züst and Agrawal 2017), we 
anticipated that increased aboveground plant growth due to 
ALAN would lead to a weakening of plant defenses. Finally, 
because latex production in common milkweed is known to 
increase with soil moisture availability (Couture et al. 2015), 
we anticipated that increased water loss due to ALAN would 
counteract positive effects of watering on latex production.

Methods

Study system

Common milkweed, Asclepias syriaca, is defended from 
herbivore attack by both physical and chemical defensive 
mechanisms and is, therefore, typically attacked only by 
a small group of specialist insect herbivores. Its physical 
defenses consist of non-glandular leaf trichomes and latex, 
a sticky substance exuded when aboveground tissues are 
damaged. The species’ secondary metabolites (cardenolides) 
serve as a chemical defense as they are highly toxic cardiac 
glycosides capable of triggering cardiac arrest (Agrawal and 
Malcolm 2002; Agrawal and Konno 2009).

Experimental design

The field experiment was carried out in 2017 at University 
of Virginia’s Blandy Experimental Farm (Boyce, VA) in 10 
1-m-diameter plots that were created in 2016. We manip-
ulated ALAN, soil moisture, and plant density according 
to a split-plot factorial design, with ALAN manipulated at 
the level of the plots, and plant density and soil moisture 
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manipulated at the level of pots within the plots. Artificial 
light at night (from dusk to dawn) was added to half of the 10 
field plots (chosen at random). In plots assigned to receive 
ALAN (hereafter ALAN plots), the light was emitted by a 
single broad-spectrum (4922 K) 12 W LED (Bullet®, RAB 
Lighting Inc., Northvale, New Jersey, USA) suspended 3 m 
above the ground on a light post (Online Resource Figs. 1, 
2). Dummy light posts with no LED were installed over the 
plots receiving only ambient light. Based on light-meter 
(Extech LT300, FLIR® Systems, Inc., Wilsonville, Oregon, 
USA) measurements taken between civil twilight and dawn 
at a height of 1 m above the ground (roughly 60–80 cm 
above the plant canopy), illumination was 52.75 ± 4.41 
(mean ± SD) lux in the ALAN plots, which approximates 
light intensities experienced under streetlights (Bennie et al. 
2016; Jin et al. 2017). Because light intensity was measured 
above the plant canopy, we can assume illumination of the 
experimental plants by the LEDs was somewhat lower than 
the recorded measurements. Illuminance in the ambient-lit 
plots was 1.2 ± 0.14 lx.

To examine whether intraspecific competition among 
plants alters the effects of ALAN, seedlings were grown in 
pots (11.3 L) at two different densities, one (low-density 
treatment) or three plants (high-density treatment) per pot, 
with plants randomly assigned to each density treatment. 
The plants used in the experiment were grown from seeds 
collected at Blandy Experimental Farm in fall 2016, cold 
stratified during the winter, and germinated in May 2017. 
After growing in a greenhouse for 7 weeks, the plants were 
transplanted to the pots, which were filled with moistened 
soil (Sungrow Horticulture Professional Growing Mix, Sun-
grow Horticulture, Sun Gro®, Agawam, Massachussetts, 
USA). Four pots, two from each of the two plant density 
treatments, were randomly assigned to each of the ten field 
plots. The pots were sunk into pre-drilled holes, so that the 
soil surface within each pot was flushed with the surround-
ing soil surface.

Soil moisture was manipulated with weekly additions of 
approximately 3.8 L of water to one of the two pots per 
density treatment in each plot. The other pots received no 
supplemental water.

Data collection

We assessed the effects of ALAN, plant density, and soil 
moisture on plant growth based on measures of plant height, 
basal stem diameter, and area of the newest fully extended 
leaf taken for every experimental plant once per week over 
4 weeks. Because the leaves are roughly triangular in shape, 
leaf area was estimated as ½ × l × w, where l was the length 
of a leaf w was its maximum width.

We also evaluated the effects of the experimental factors 
on total (aboveground + belowground) biomass per plant. 

This was measured via destructive harvesting at the conclu-
sion of the experiment, after 4 weeks of exposure to the 
experimental manipulations. For each individual, we cut the 
stem at the soil level and then cleared the soil from roots first 
by gentle brushing with a paintbrush, followed by rinsing 
with water. The roots and shoots were dried at 40 °C for 
66 h and then weighed to determine the total biomass of 
each individual.

To examine effects of the experimental factors on plant 
defenses, we measured the amount of latex exuded (grams, 
dry weight) by one leaf on each plant during the third week 
of the experiment. The amount of latex present in milk-
weed leaves has previously been linked to plant water sta-
tus (Agrawal et al. 2014). The experiment was carried out 
during a particularly wet season at BEF, July rainfall was 
approximately 19.05 cm, 7.62 cm higher than the average 
recorded over the previous ten years at the site. Latex was 
collected only once from each plant to limit damage to the 
plants. Latex was collected from each plant’s youngest fully 
extended leaf following methods outlined in Agrawal et al. 
(2014). The leaf was cut 5 mm from the tip with scissors 
and latex was allowed to flow onto pre-weighed filter paper 
(1 cm2) until flow stopped, about ten seconds. After air dry-
ing the filter papers at room temperature for 2 days, they 
were weighed a second time to determine latex dry weights.

During week 2 of the experiment, we noticed foliar dam-
age on some of the experimental plants. Beginning that 
week, we assigned each plant a damage score every week 
for the remainder of the experiment. The damage score 
ranged from 0 to 100% in increments of 20%; 0% damage 
was recorded when there was no visible damage to any foliar 
tissue and 100% damage was recorded when nearly all leaves 
were severely damaged or removed.

Statistical analyses

To avoid pseudoreplication due to the non-independence 
of the multiple plants growing within the same pot in the 
high-density treatment (three plants per pot vs. one plant 
per pot in the low-density treatment), all statistical analyses 
used only the mean value of a response variable within each 
high-density pot (e.g., mean height of the three plants). For 
attributes of plant growth or defense that could be sampled 
non-destructively, we used a repeated-measures statistical 
design because it provides greater statistical power for a 
given number of study subjects than does a design in which 
each subject is only sampled once, such as at the conclusion 
of the experiment Guo et al. (2013).

Repeated-measures analyses using linear mixed-effects 
(LME) models were used to test the interactive effects of 
ALAN with soil moisture and plant density on plant height, 
BSD, and leaf area. The fixed effects in the models included 
ALAN, soil moisture, plant density, ALAN × soil moisture, 
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ALAN × plant density, and week. We also included herbi-
vore damage score (average score in each pot) as a covariate 
in our models. We modeled the random effect of plot across 
time (the interaction between plot and week) using uncorre-
lated random intercepts and slopes. Models with more com-
plex random effects structures (e.g., correlated intercepts and 
slopes) failed to converge. To normalize the LME model 
residuals and to reduce heterogeneity of variance, basal stem 
diameter and leaf area were log(x + 1) transformed. Plant 
height was Box-Cox transformed, using an exponent (λ) of 
0.88.

The effects of ALAN, soil moisture, plant density, and 
ALAN × soil moisture, ALAN × plant density interactions 
on latex exudation and total biomass per plant were also 
assessed using LME models. Herbivore damage score was 
included as a covariate. We modeled the random effect of 
plot as random intercepts. Prior to the analyses, latex dry 
mass and total biomass were log(x + 1) transformed to 
improve normality of the model residuals.

Given that we observed herbivore damage starting in the 
second week of the experiment, we also examined whether 
the presence/absence of herbivory was affected by the exper-
imental factors (ALAN, soil moisture, and plant density) 
and their two-way interactions (ALAN × Soil Moisture, 
ALAN × Plant Density) in a repeated measures analysis 
using data from weeks 2 to 4. The analysis was conducted 
using a generalized linear mixed-effects model using a bino-
mial distribution for the response variable and the logit link 
function. Week was included as a fixed effect. We modeled 
the random effect of plot across time using uncorrelated ran-
dom intercepts and slopes.

All statistical analyses were carried out using R (R Core 
team 2019). The LME model fitting was carried out using 
the package ‘lme4’ (Bates et al. 2014). To test the statistical 
significance of the fixed effects, degrees of freedom were 
estimated using via Satterthwaite’s method using the pack-
age ‘lmerTest’ (Kuznetsova et al. 2017).

Results

Our repeated-measures analyses of effects of ALAN, water-
ing, plant density, and their interactions revealed a variety 
of effects on different attributes of plant growth. Both plant 
height and BSD were affected by the ALAN × watering 
interaction (Tables 1, 2). Plant height was 14% higher, on 
average, under ALAN than under ambient light and 12% 
higher, on average, in pots that were watered than in pots 
that were not watered (receiving only ambient precipitation; 
Fig. 1, Table 2). The mean effect of watering on plant height 
was greater for plants under ambient light (20% increase) 
than those under ALAN (4% increase). Under ambient light, 
watering increased BSD by 13%; whereas, watering only 

increased BSD by 5% under ALAN. Basal stem diameter 
was also affected by a significant ALAN × plant density 
interaction. The mean effect of ALAN on BSD was greater 
in the low-density treatment (8%) than in the high-density 
treatment (2%). Leaf area was significantly increased by 
watering (Table 3, Fig. 1, Online Resource Fig. 3) and was 
the only growth variable where we found a significant nega-
tive relationship with herbivore damage.

Total (aboveground + belowground) biomass per plant at 
the conclusion of the experiment was increased by water-
ing by an average of 25% (t21.1 = 2.291, P = 0.032; Fig. 2a, 
Table 4). However, plant biomass was not significantly 
affected by the other experimental factors or herbivore dam-
age (Table 4).

Despite the fact that the dry mass of latex exuded was 
40% higher on average from plants exposed to ALAN than 
from plants exposed to ambient light, latex exudation was 

Table 1   Results of linear mixed-effects model on the effects of arti-
ficial light at night (ALAN), soil moisture, plant density, week (time 
since planting), herbivore damage, and some two-way interactions on 
the basal stem diameter (mm) of common milkweed

*Significant at the ɑ = 0.05 confidence level
**Significant at the ɑ = 0.01 confidence level
***Significant at the ɑ = 0.001 confidence level

Source of variation Estimate S.E df t p

ALAN (A) 0.049 0.032 70.62 1.523 0.132
Soil moisture (S) 0.141 0.021 135.16 6.716 < 0.001***
Density (D) -0.017 0.021 132.54 -0.792 0.430
Week 0.128 0.013 90.48 9.851 < 0.001***
Damage 0.010 0.011 136.04 0.899 0.370
A × S -0.081 0.030 134.68 − 2.720 0.007**
A × D 0.075 0.029 132.72 2.557 0.012*

Table 2   Results of linear mixed-effects model on the effects of arti-
ficial light at night (ALAN), soil moisture, plant density, week (time 
since planting), herbivore damage, and some two-way interactions on 
plant height (cm)

*Significant at the ɑ = 0.05 confidence level
**Significant at the ɑ = 0.01 confidence level
***Significant at the ɑ = 0.001 confidence level

Source of vari-
ation

Estimate SE df t p

ALAN (A) 1.068 0.419 25.460 2.552 0.017*
Soil moisture (S) 1.286 0.285 136.390 4.507 < 0.001***
Density (D) − 0.311 0.286 134.680 − 1.088 0.279
Week 0.399 0.159 136.810 2.514 0.013*
Damage − 0.161 0.145 137.340 − 1.112 0.268
A × S − 1.036 0.400 135.900 − 2.589 0.011*
A × D 0.685 0.399 134.620 1.719 0.088
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not significantly affected by ALAN (Table S1), likely due 
to high variability in this measure (Fig. 2b). Furthermore, 
we found no significant effects of any experimental factor 
or herbivore damage on latex exudation (Online Resource 
Table S1).

Discussion

This study revealed that ALAN can interact with soil mois-
ture and plant density to affect aboveground plant growth. 
Consistent with our prediction, based on studies showing 
that ALAN can adversely affect stomatal functioning (Kwak 

et al. 2017, 2018), we found that positive effects of increas-
ing soil moisture on plant growth (specifically basal stem 
diameter and plant height) were weaker under ALAN than 
under ambient light (Fig. 1a, b). Improper stomatal func-
tioning can decrease plant water use efficiency (Lawson and 
Blatt 2014), the ratio of net carbon assimilation to transpi-
ration. If ALAN inhibited proper stomatal functioning in 
our experiment, decreased efficiency in carbon assimilation 
could potentially explain why increasing soil moisture had 
a weaker positive effect on plant growth in plants under 
ALAN than ambient light. One caveat to this argument is 
that we did not observe the same interactive effects on total 
(aboveground + belowground) plant biomass. Nonetheless, 
these findings suggest there is a need to study the effects 
of ALAN on the water use efficiency of plants given the 
inextricable link between water use efficiency and primary 
productivity.

Latex exudation is associated with anti-herbivore defen-
sive ability in common milkweed (Agrawal and Fishbein 
2006; Van Zandt and Agrawal 2004). In our study, the 
mean dry weight of latex exuded from plants exposed 
to ALAN was 40% higher than from plants exposed to 
ambient light, but latex exudation was highly variable 
(Fig. 2b) and not significantly affected by ALAN or any 
other experimental factor. Herbivory might help to explain 
the high variability in latex exudation. Van Zandt and 
Agrawal (2004) demonstrated not only that latex produc-
tion by common milkweed increases following herbivory, 
but also that the strength of the induced response in latex 
production differs between different specialist herbivores. 
It is possible that the variability in latex exudation that we 
observed was due to differences among the experimental 
plants in the intensity of herbivory or differences in the 
composition of attacking herbivore species. Given that 
latex exudation was only sampled at one point in time 
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Fig. 1   Effects of artificial light at night (ALAN), plant density, and 
soil moisture on a basal stem diameter, b height, and c leaf area in the 
final week of data collection. Bars are means ± 1 SE

Table 3   Results of linear mixed-effects model on the effects of arti-
ficial light at night (ALAN), soil moisture, plant density, week (time 
since planting), herbivore damage, and some two-way interactions on 
leaf area (cm2)

*Significant at the ɑ = 0.05 confidence level
**Significant at the ɑ = 0.01 confidence level
***Significant at the ɑ = 0.001 confidence level

Source of variation Estimate SE df t p

ALAN (A) 0.011 0.147 18.03 0.071 0.944
Soil moisture (S) 0.239 0.098 131.33 2.442 0.016*
Density (D) − 0.121 0.097 130.01 − 1.247 0.215
Week 0.193 0.059 54.73 3.275 0.002**
Damage − 0.173 0.051 132.07 − 3.371 0.001***
A × S − 0.083 0.137 131.41 − 0.603 0.548
A × D 0.142 0.136 130.36 1.043 0.299
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(week 3), differences in the timing of the herbivory that 
occurred prior to our survey of latex production may also 
have inflated the variability in latex exudation as induced 
defenses in common milkweed have been shown to attenu-
ate over time (Malcolm and Zalucki 1996).

Bennie et  al. (2016) highlighted the need to explore 
interactions between ALAN and biotic interactions, includ-
ing competition between plants. One mechanism whereby 
ALAN may affect competition in plants is promotion of 
vegetative growth. In some plant species, exposure to 
ALAN leads to increased vegetative growth (Cathey and 
Campbell 1975; Goins et al. 1998; Darko et al. 2014). Plants 
that exhibit increased stem elongation (increased height) in 
response to ALAN, as we observed for common milkweed 
(Fig. 1, Table 2), may gain a competitive advantage over 
plants in the absence of ALAN because the former would 
be less likely to become shaded by neighboring plants. Fur-
ther research is needed to improve understanding of how 

ALAN interacts with the intra- and inter-specific competi-
tive interactions of plants and to discern the key underlying 
mechanisms.

In our study, BSD responded more positively to ALAN 
in plants grown at low density than in plants grown at high 
density. This is consistent with our prediction that ALAN-
induced increases in growth would be weaker in plants 
grown at the higher density because per-capita resource 
availability would decrease with increasing density. This 
interpretation would be more compelling if the same pat-
tern was observed across multiple measures of plant growth, 
however, this finding suggests further study of interactions 
between ALAN and competition among plants is warranted. 
In light of previous research demonstrating that ALAN-
induced changes in the growth and reproduction of vegeta-
tion can have bottom-up effects on consumers (Bennie et al. 
2015; Grenis and Murphy 2019), it stands to reason that 
interactions between ALAN and competition among plants 
could plausibly influence food web structure.
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