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Experimental assessment of laser scarecrows
for reducing avian damage to sweet corn
Sean T Manz,a Kathryn E Sieving,a* Rebecca N Brown,b Page E Klugc and
Bryan M Klueverd

Abstract

BACKGROUND: Birds damage crops, costing millions of dollars annually, and growers utilize a variety of lethal and nonlethal
deterrents in an attempt to reduce crop damage by birds. We experimentally tested laser scarecrows for their effectiveness
at reducing sweet corn (Zea mays) damage. We presented 18 captive flocks of free-flying European starlings (Sturnus vulgaris)
with fresh sweet corn ears distributed on two plots where laser and control treatments were alternated each day and allowed
each flock to forage over 5 days. In 16 trials, fresh sweet corn ears were mounted on wooden sticks distributed from 0 to 32 m
from laser units (Stick Trials), and in two trials birds foraged on ripe corn grown from seed in the flight pen (Natural Trials). We
aimed to determine if laser-treated plots had significantly less damage overall and closer to the laser unit, and whether birds
became more or less likely to forage in laser-treated plots over time.

RESULTS: Lasers reduced damage overall, marginally in Stick Trials and dramatically in Natural Trials. Damage increased during
each week in both trial types. Damage increased significantly with distance from lasers, and significant treatment effects
occurred up to ∼20 m from lasers.

CONCLUSION: Our results concur with recent field trials demonstrating strong reductions in sweet corn damagewhen lasers are
deployed. This study provides a first look at how birds respond to repeated laser exposure and whether damage increases with
distance from lasers. Key differences between pen and field trials are discussed.
© 2023 Society of Chemical Industry. This article has been contributed to by U.S. Government employees and their work is in the
public domain in the USA.

Supporting information may be found in the online version of this article.

Keywords: human–wildlife conflict; nonlethal deterrent; pest management; Sturnus vulgaris; visual repellent; Zea mays

1 INTRODUCTION
1.1 Avian pests
Bird species causing the highest crop damage each year in the
United States include red-winged blackbirds (Agelaius phoeniceus),
brown-headed cowbirds (Molothrus ater), Canada geese (Branta
canadensis), snow geese (Chen caerulescens), sandhill cranes (Grus
canadensis) and European starlings (Sturnus vulgaris).1,2 Grain crops
are especially attractive to such species as they ripen during non-
breeding and migratory seasons when many bird species aggre-
gate and range widely to forage.1–3 A variety of deterrents are
available to prevent avian pests from damaging grain crops; these
can be described as either lethal or nonlethal. Lethal control via
guns, traps or chemical avicides is often less preferred because of
permit requirements, and declining effectiveness as birds can learn
to avoid lethal threats.4,5 Also, the use of toxic avicides on bait can
kill or cause illness in nontarget species.6 As a result, growers and
researchers in agroecosystems frequently turn to nonlethal deter-
rents to lessen crop consumption by wild birds. Most nonlethal
deterrents utilize the threat of predation, including live predators
(trained hawks or dogs) and devices that scare or startle birds forag-
ing in fields7. Such “scaring” devices include harsh visual or acoustic
stimuli (moving objects, flashing lights, popping sounds, or combi-
nations of two or more) that trigger anti-predator escape

responses.8 Acoustic deterrents rely on firecrackers, propane
cannons, blank shotgun rounds, recorded predator calls broadcast
from loudspeakers, or other types of loud or screeching noises that
startle birds and other vertebrates.8 Nontoxic chemical deterrents,
such as nausea-inducing sprays, also can be effective in reducing
foraging in a variety of crops.9,10 Overall, studies of the effectiveness
of nonlethal approaches are mixed, and a major problem in some
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situations is a rapid temporal decline in fear response and, in turn,
increasing damage during exposure periods.11 Indeed, despite
increasing numbers of nonlethal deterrents on the market today,
none appear to provide permanent or singular solutions to bird
depredation of crops. Two strategies are emerging, however, to
guide effective deployment of nonlethal deterrents: (1) limiting
their use to specific temporal windows duringwhich crops aremost
vulnerable to the target pest(s) and (2) deploying multiple deter-
rents simultaneously or staggered in time and space.12–14

1.2 Laser deterrence in sweet corn
Among the most promising avian deterrent devices are lasers. Vis-
ible lasers emit a focused, coherent beam of light at a single wave-
length, in contrast to most light sources which emit nonpolarized
radiation at multiple wavelengths, with varying intensities.15 Lasers
appear to frighten birds and elicit escape responses similar to other
scaring devices,5 although the exact mechanism is not known. At
clinically high exposure levels lasers can damage the eyes of
birds.16 However, lasers deployed in fields to reduce or disrupt
avian foraging activity are likely to function by distracting or elicit-
ing discomfort in birds eyes, as occurs in humans.17 As with other
nonlethal deterrents, laser avoidance may decline with repeated
exposure, because animals get used to discomfort and distraction
if it is not dangerous; this is known as habituation.18 Sweet corn
may be one crop that is especially suitable for laser deterrence
because it has a narrow (2 week) temporal window of susceptibil-
ity, whilst earsmature into themilking stagewhenharvest occurs.19

Because decreased responsiveness is a concern with all nonlethal
scaring devices, the short window of sweet corn vulnerability to
bird depredation could limit the development of habituation.20

Levels of protection to sweet corn afforded by lasers are promising
based on recent field trials. For example, laser deployment on
milking-stage corn in one study caused a 33% reduction in the
number of ears damaged by birds.21

The purpose of this study was to test the effectiveness of laser
scarecrows at reducing damage to milking-stage corn in a con-
trolled experimental setting. We conducted aviary trials with star-
ling flocks foraging on fresh corn presented in two different ways.
We planted corn in study plots inside the flight pen and exposed
starlings to the mature corn (hereafter Natural Trials) during the
2-weekmilking stage. We also presented commercially purchased
fresh sweet corn on wooden sticks to mimic natural corn stalks
(hereafter Stick Trials). Trials with artificially presented corn were
used to achieve large sample sizes for analysis. We hypothesized
that for our laser scarecrow to be effective, damage by starlings
to sweet corn in Natural and Stick Trials should be reduced by
≥20% overall (a margin suggested by growers to R. Brown). Also,
because each starling flock foraged for five consecutive days in
each trial, we sought to assess whether birds would get used to
laser exposure and avoid lasers less over time; indeed, a detect-
able increase in damage over time on laser plots was expected.
We also predicted that ears of corn placed higher aboveground
would be attacked more frequently than lower ears. Finally,
because laser beam intensity decreases with distance, and bird
aversion to exposure should decline at greater distances, we pre-
dicted that corn damage by birds would increase with distance
from the laser.

2 MATERIALS AND METHODS
Aviaries with space for crop plantings can be pivotal in experi-
mental research testing for deterrent effects, because flight pens

prevent free-flying birds from escaping, ensuring bird pressure
on the enclosed crop, while also allowing birds to forage much
as they would in a natural setting.22 Thus, experimental pen trials
provide conditions closely resembling field situations but with
greater control, permitting researchers to refine techniques and
designs before conducting major field tests.23 Here we report on
pen trials conducted at the United States Department of Agricul-
ture, Animal and Plant Health Inspection Service, Wildlife Services,
National Wildlife Research Center (NWRC), Florida Field Station in
Gainesville, Florida, USA. Experiments took place inside a 0.2 ha
wire mesh flight pen with soil substrate. A small (7 × 5 × 3 m)
holding pen within the flight pen was used for overnight reten-
tion of test birds between daily trials. This flight pen (Fig. 1) has
been used to test a wide range of tools and substances intended
for reducing avian depredation of crops.22,24,25

Two crop production plots were established inside the pen
measuring 18 × 24 m each (Fig. 1). Two laser devices (URI Laser
Scarecrow 2020 model; see Supporting Information (SI)
Section S1 were installed in plot corners directly in front of an ele-
vated observation blind, one unit per plot, aimed to cover most of
each plot without any exposure of observers in the blind (Fig. 1).
Two perches were available on the outer edges of each plot with
two more perches in the far left and right corners (four total per
plot). Additional perching was available in two trees growing in
the center of the pen (Fig. 1). To prevent birds from foraging for
insects on the ground where grass grew, we covered the
exposed ground with landscape cloth. To confine birds to the
test plot area of the pen during trial periods, we fashioned a
drop-down net between the back edge of the test plots and
the rear of the flight pen where the birds roosted in a holding
pen overnight.
We conducted a total of 18 1-week trials: six were between

30 August and 9 October 2021with artificially presented corn only
(Stick Trials; see below); the remaining 12 trials occurred between
9 May and 29 July 2022. During this 12-week period we grew
sweet corn from seeds planted in the same plot areas. While the
natural corn sprouted and matured, we collected damage data
from birds foraging on the artificially presented corn (Stick Trials).
When the planted corn matured into the milking stage, we
removed artificial stalks and assessed bird damage on the live
corn ears (Natural Trials). During these 12 weeks, Stick Trials
occurred during weeks 1–6 and 8–12, whereas Natural Trials with
live corn occurred in weeks 7 and 8. In total, we ran 16 Stick Trials
and two Natural Trials.

2.1 Experimental corn presentation
We used wooden stakes to present corn during the Stick Trials.
Using wooden dowel pegs, wemounted two ears of corn per stick
in offset positions (≥14 cm below the top of each stake). The off-
set ear presentation mimicked the structure of natural corn, with
a top and bottom ear (Fig. 2, left panel). The stakes extended
213 cm aboveground. Five stakes were placed in each of four
quadrants per plot for a total of 40 stakes (20 per plot). Stakes ran-
ged from 4 to 27 m from laser units (median distance 17 m). We
purchased fresh sweet corn ears for each week of Stick Trials,
and all ears presented on sticks had entire, fresh, green husks
and silks covering the kernels; the same as naturally growing ears.
In Natural Trials (Fig. 2, right panel) with planted rows of corn,
each plot had an estimated 1125 live corn plants (140 per quad-
rant; see SI Section S2 for descriptions of presentation and grow-
ing of sweet corn for Natural and Stick Trials).
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2.2 Trial protocol
For this study, we tested the effectiveness of an experimental
laser device developed by D. and R. Brown at the University of
Rhode Island (URI) and known as the URI Laser Scarecrow (see SI
Section S1). Laser units were mounted on poles with adjustable
clamps. To create the deterrent effect, we aimed lasers at or just
above the top of the ears/plants, forming a horizontal “lid” over
the corn plots. In Stick Trials, the laser was set at 1.75 m above-
ground, and the laser beam hit the sticks just above the top ear
(see Fig. 2, left panel). In Natural Trials, the mature sweet corn ears
were closer to the ground and more variable in height. The lasers
were aimed at the tops of the corn plants each day (≈1 m above-
ground on average) to create the lid effect just above the ears.
We conducted 5-day trials with each cohort, and birds were

allowed to forage on corn between 08:00 and 10:00 h (weather-
dependent; see SI Section S3 for animal use and care). After birds
were moved out of the test plot area each day, we conducted a
corn damage assessment. On Day (D)1 of all trials, no laser was
turned on to allow birds to explore both test plots freely. On trial
D2–D5, one laser scarecrow unit was activated on plot A (plot B
laser was off) and the next day, plot B's laser was switched on
(and plot A's was off). Over the next 2 days, the same pattern
was repeated. Each plot received control and treatment twice

each per cohort. This insured that any plot effects could be sepa-
rated from treatment effects in analyses.

2.3 Corn damage assessment
We assessed damage on all ears each day of a trial regardless of
whether it was artificially presented or naturally grown, although
differences had to be accommodated. In all cases, the percentage
of kernels eaten per ear was typically <10% and nearly all
occurred at the silk end; thus, we defaulted to a 0 (no damage)
or a 1 (damaged) binomial metric to quantify damage. For fresh
market sweet corn, any damage at all renders an ear unmarketa-
ble, so the binomial metric does not overestimate crop loss to
growers. In Stick Trials, all damaged and undamaged ears were
removed at the end of each day of a trial, and fresh ears
were put in place to maintain equal crop attractiveness to the
birds each day. In Natural Trials, any damaged ears detected were
removed so they would not be counted on subsequent days, and
we relied on natural ripening processes to generate fresh ears for
the birds to eat each day. We carefully crafted our damage assess-
ment for both trial types to obtain comparable measures of dam-
age rates and distributions in both trial types where each distance
measure recorded was associated with either a true positive (1) or

Figure 1. Schematic of the East Flight Pen located at the USDA-Wildlife Services, NWRC Florida Field Station in Gainesville, FL. Foraging was observed
from the blind (top) in eight quadrants (1–8) across two test plots (A,B). Perching sites were available on the sides (crosses) and in the central two trees.
Birds were kept overnight in the decoy pen (bottom) and confined on plots A and B during the day by dropping a vertical mesh net across the back of the
plots prohibiting access to the decoy pen area. Light orange shading indicates approximate laser coverage of the test plots when units were activated.

Experimental assessment of laser scarecrows www.soci.org
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true negative (0) measure of damage (see SI Section S4 for details
regarding ear damage estimation).

2.4 Data analysis
We usedmultilevel mixed-effects models with a logit link function
to test for laser effects on ear damage. The two types of trials
(Stick, Natural) were analyzed with different models owing to
slightly different combinations of predictor variables (Table 1).
Damage to corn was expressed as a binary variable, damage pre-
sent (1) or absent (0; Table 1). Birds foraged on both plots on their
first trial day with no laser activated, to habituate them to the plot
layout and foraging conditions. Analyses only included D2 to D5
of each trial when a laser unit was activated on one or the other
plot. In both analyses, cohort identity was used as a random effect
to avoid pseudoreplication of observations in each day of a trial

week (the same 10 birds in each cohort were used 4 days in a
row). We did not use Ear Code (top or bottom ear) variables in
analysis of Natural Trials (Table 1) because top and bottom ears
overlapped as a consequence of variation in corn stalk heights
and tilting. Distance from laser (0–32 m) is a continuous variable,
but our measures associated with stakes were integers. Therefore,
we centered and scaled the distancemeasures [(meters–mean)/1SD]
to enhance numerical stability of the models. We conducted an a
priori power analysis suggesting that 20 trials would be needed to
detect a conservative 20% change at 95% power.
In order to parameterize models for both trial types we started

with all main effects and two-way interactions. To obtain the
best-fit model, we removed nonsignificant interaction terms
one-by-one until remaining interaction terms had P < 0.05. We
did not remove any main effects terms, whether significant or

Figure 2. (Left) Two stick stalks with fresh commercial sweet corn mounted on dowels are shown with a starling foraging on a lower ear. (Right) Planted
corn rows in one of the test plots showing that the drip tape runs parallel with corn. Corn rows were planted using twin row spacing. Observation blind
visible at left (Right).

Table 1. All variables used in statistical analyses, their abbreviations, names, role in analysis, and descriptions.

Variable code Variable name Type of variable (role) Metric

DamCD Damage code Categorical (response) Ear damaged (1) or not (0)
TreatCD Treatment code Categorical (fixed effect) Laser (L) or Control (C) treatment
EarCD* Ear code Categorical (fixed effect) Upper (U) or lower (L) ears
TrialDay Trial day Ordinal (fixed effect) Trial day (D2 to D5)
LaserDist† Laser distance Continuous (covariate) Distance between active laser and ear (m)
PlotCD‡ Plot code Categorical (fixed or random effect) Two plots (A or B)
Cohort Cohort ID Nominal (random effect) A flock of 10 birds

Note: All variables listed are main effects in the analyses for Stick Trials.
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not, because each variable represented designed hypothesized
effects on damage rates suggested by previous research. A mini-
mum of a two-point reduction in Akaike's Information Criterion
(AIC) was used to gauge model improvement. If dropping a term
did not reduce the AIC sufficiently, then we added it back in and
dropped another. The AICmetric we used accounts for parsimony,
or reduction in the number of terms, represented by
AIC = −2 × LL + 2 × k = −2(LL − k) where LL is model log-likelihood
and k is the number of predictors (2 × k is a penalty term).26

If a model term had P ≤ 0.2, then we plotted the marginal
means to see if the chi-square (χ2) associated with any
marginal contrasts was significant; if so, we presented these
effects in plots.26 We report the odds ratios (OR) in model output,
rather than coefficients, to aid in interpreting experimental out-
comes.27 For a given factor in the model, an OR = 1.0 indicates
that there is no difference in likelihood of an ear being damaged
in a laser or control plot; ORs>1 or <1 indicate different odds of
damage in the context of reference categories stipulated in the
output. Finally, we detected a very strong effect of plot (A or B)
on bird foraging activity and needed to address this in analyses
(see SI Section S5 for how plot effects were handled in analysis).
All analyses were conducted in STATA/BE v17.0 (Copyright 1985–
2021 StataCorp LLC), and datasets and model codes are perma-
nently archived here https://zenodo.org/record/8287630.

3 RESULTS
Stick Trials included 16 cohorts of birds and 4800 observations of
corn ears for damage, and for the Natural Trials, two cohorts
of birds allowed for ≤256 observations of damage. One early Stick
Trial cohort was dropped from analysis because no birds touched
the corn. The best models for Stick and Natural Trials (Tables 2 and 3,
respectively) showed a marginal (Stick) or highly significant
(Natural) overall effect of laser treatment on reducing corn dam-
age (Fig. 3). In both trial types, birds generally increased corn
damage as trial days progressed (Fig. 4) and with distance from
laser (Fig. 5). Birds attacked top ears more often than bottom ears
in Stick Trials (see SI Fig. S1, left panel). Because we included plot
as a fixed effect in analyses of Natural Trial damage (Table 3), we
can see that birds habitually foraged in plot A more often than B

(Fig. S1, right panel), and this was true in Stick Trials as well (note
the large OR for plot random effect; bottom of Table 2). Analyses
of Stick Trial data revealed significant interactions between treat-
ment and trial day (see SI Fig. S2) and treatment with distance to
laser (Fig. 6).

4 DISCUSSION
We observed consistently lower damage overall in laser-treated
plots, and this effect was striking in Natural Trials. Our results sup-
port the growing perception that lasers can effectively deter crop
depredating birds.21,28 This is the first controlled pen study of
free-flying birds with access to fresh sweet corn where individuals
could choose to feed in laser-treated and control plots. Tests of
diverse nonlethal bird deterrents (e.g. lasers, poppers, animated
tubes)14,29,30 at field scales are accumulating fast. Thus, it is early
to generalize about the overall impact(s) of nonlethal deterrents
on crop damage reduction, even though the technologies are
promising.

4.1 Overall laser deterrence
We initially considered that there might be greater overall dam-
age in Natural than Stick Trial laser treatments simply because
we thought the birds would be able to use the foliage of the
planted corn to block the laser beams from hitting their eyes.31

One potential reason for the increased effectiveness of lasers in
Natural Trials could be a consequence of the lack of sturdy perch-
ing substrates there, compared to the sticks. In the Stick Trials,
birds could perch on sturdy wooden dowels that did not move
under their weight, whereas natural stalks were too weak to sup-
port the birds fully. As a result, birds foraging on natural corn ears
are likely to have bobbed in and out of the laser layer, experienc-
ing more laser scatter and distraction32 as the beams bounced off
vegetation. In Stick Trials, by contrast, birds could probably see
and avoid the static laser “lid.”16 We could only test two cohorts
on naturally growing corn owing to the short period of ear vulner-
ability to starling foraging during the milking stage. This provided
only 8 days of damage assessment across the 32 subquadrants
(N = 256). Moreover, the first of the two cohorts (7) foraged less
often on corn than the second (Cohort 8; see the large OR for

Table 2. Generalized linear mixed model results for Stick Trials

Predictor variables Odds ratio Standard error Z P > |z|

TreatCD (C) 1.58 0.50 1.45 0.15
TrialDay 3 (2) 1.86 0.59 1.96 0.05
TrialDay 4 (2) 1.91 0.32 3.87 0.00
TrialDay 5 (2) 1.98 0.62 2.17 0.03
EarCD (L) 1.47 0.11 5.15 0.00
LaserDist 1.20 0.06 3.50 0.00
TreatCD#TrialDay (L, D3 versus C, D2) 0.36 0.21 −1.73 0.08
TreatCD#TrialDay (L, D4 versus C, D2) 0.52 0.11 −2.98 0.00
TreatCD#TrialDay (L, D5 versus C, D2) 0.48 0.28 −1.25 0.21
TreatCD#LaserDist (C) 1.23 0.09 2.76 0.01
Constant 0.29 0.13 −2.69 0.01
Cohort 1.82 0.70 – –

PlotCD 2.10 0.69 – –

Note: Response variable used is DamCD (binomial; see Table 1) and the model used a logit link function. Symbols in () signify reference levels for con-
trasts applied to categorical variables. Italics = random effects.
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Cohort at the bottom of Table 3; see SI Fig. S3). Thus, while we do
not doubt that birds (especially in Cohort 8) were strongly avoid-
ing laser-treated corn, the magnitude of effect of lasers in Natural
Trials would bemore trustworthy if replicated/confirmed in future
trials of similar design.33

Two contrasting explanations are possible for the weak treat-
ment effect that we observed in Stick Trials. Either the birds' eyes
were damaged and they became insensitive to laser exposure, or
birds were able to avoid lasers more easily while foraging in Stick
than Natural Corn presentations. First, without foliage to block
lasers in Stick Trials, birds' eyes may have been damaged to a

degree that they could not be distracted or discouraged from for-
aging on laser plots. If lasers caused eye damage, then the result-
ing behaviors arising from physical insensitivity to laser detection
would mimic tolerance or avoidance.34 Birds did prefer top ears
on the sticks (Fig. S1), and this preference located them just under
the laser “lid” where laser exposure should be likely. In humans at
least, eye damage can occur from temporary laser exposures
at distances of several meters or more, but few such damages
appear to last.17 In a recent study, starlings' eyes were exposed
to lasers more powerful than ours, and a variety of serious
eye damage occurred. Researchers observed corneal edema,

Table 3. Generalized linear mixed model results for Natural (corn) Trials

Predictor variables Odds Ratio Standard Error Z P > |z|

TreatCD (C) 0.08 0.04 −4.90 0.00
TrialDay 3 (2) 0.37 0.25 −1.46 0.14
TrialDay 4 (2) 2.44 1.21 1.80 0.07
TrialDay 5 (2) 1.82 1.09 0.99 0.32
PlotCD (A) 0.16 0.08 −3.69 0.00
LaserDist 1.58 0.31 2.35 0.02
Constant 0.92 1.05 −0.07 0.94
Cohort 1.97 2.09 – –

Note: Response variable used is DamCD (Table 1) and themodel used a logit link function. Symbols in () signify reference levels for contrasts applied to
categorical variables. Italics = random effects.

Figure 3. Marginal predicted mean ear damage (centered on the mean) on laser versus control plots in (left) Stick Trials (marginal contrast: χ2 = 3.16,
P = 0.07) and (right) Natural Trials (marginal contrast: χ2 = 8.53, P = 0.00). Error bars = 95% CI.

Figure 4. Marginal predicted mean ear damage (centered on the mean) by trial day (D) in (left) Stick and (right) Natural Trials. Significant marginal con-
trasts for Stick Trials: D2 (versus the mean), χ2 = 7.11, P < 0.01; D4, χ2 = 4.27, P = 0.04; D5, χ2 = 3.68, P = 0.05; joint χ2 = 11.41, P < 0.01. Significant mar-
ginal contrasts for Natural Trials: D3 (versus the mean), χ2 = 5.53, P < 0.02; D4, χ2 = 3.68, P = 0.05; joint χ2 = 11.41, P < 0.01. Error bars = 95% CI.
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cataracts and retinal atrophy; all of which can reduce the ability of
eyes to detect visual signals.16 We note that birds were restrained
in this study and the laser source was <5 m from the birds' eyes,
whereas birds in our pens were freely moving with large areas
unexposed to lasers available to them. Thus, we suggest that
eye damage causing insensitivity to lasers was less likely in Stick
Trials than the real possibility that birds simply learned to avoid
lasers while foraging. Indeed, if birds' eyes were so damaged by
laser exposure that they were insensitive to it, then they should
have foraged more often than they did within 10 m of the laser
units, and we would not expect such a strong treatment-
by-distance interaction (Fig. 6). It is more likely that birds could
see the lasers, especially without occluding foliage, and therefore
might easily have dodged exposure during Stick Trials by keeping
their heads below the laser layer even when foraging on upper
ears. Birds were unwilling to forage close to the laser units in Stick
Trials, suggesting that they remained highly sensitive to laser
exposure even if they could minimize it with behavioral accom-
modation. This is the most parsimonious explanation for the small
treatment effect in Stick Trials.
In Natural Trials, however, behavioral avoidance of laser exposure

would be much harder for the birds to achieve than in Stick Trials,
and this could readily explain why the treatment effects were so
strong. Birds foraging in natural cornmust descend into foliage, perch
on wobbly corn stalks and peck at floppy corn ears with restricted

visibility of their surroundings and other birds. The lack of visibility of
surroundings, and of potential predators, would elevate starlings' per-
ceptions of predation risk, making them more flighty.35 In addition,
the combinedmovement of the foliage and of the birds during forag-
ing could cause the birds to bounce in and out of the laser layer,
exposing them to laser reflections off foliar surfaces as well as unpre-
dictable direct flashes in their eyes. With nuisance noise and light,
intermittent signals cause more avoidance, annoyance and stress in
wildlife and humans than constant high levels of noise or light.36,37

This same effect may have elevated the laser deterrent effect for birds
in Natural Trials. Birds alsomay have been able to see the laser beams
more clearly in the lower light conditions caused by foliage occlusion
in natural corn38, allowing them to quickly detect the lasers andmove
to the other plot. In both types of trials, 5 days is sufficient time for
birds to learn where to forage.39 In sum, we conclude that while eye
damage remains as a possible mechanism underlying a weak laser
effect in Stick Trials, the more parsimonious explanation is simply that
in Stick Trials birds could see and avoid thebeams, but that in naturally
growing corn they were deterred by lasers to a greater degree.

4.2 Spatial effects
In both trial types, starlings much preferred plot A over B (Fig. S1,
Tables 2 and 3, bottom, see OR for plot as random effect) regard-
less of which laser was activated. However, such behavioral biases
in foraging site choices are often observed at field scales in corn
(R. Brown, personal observation) and in other crops.40 Free-living
birds may head for the field nearest their perching or loafing sites
at much higher frequencies than sites further away, demonstrat-
ing the well-known phenomenon of “central place foraging,” the
tendency of animals to forage close to home.41 Limiting travel
time to feed is especially important for maximizing caloric sur-
pluses in birds because flight is energetically expensive. We did
not quantify the perching tendencies of birds in our pen, but we
expect that the birds may have preferred resting on the west side
of the pen (Fig. 1) simply because their overnight holding pen
(with ad libitum food) also is on the west side. Despite this behav-
ioral bias leading to consistently higher damage on plot A, the
overall effect of lasers was to suppress corn damage. Regarding
vertical spatial bias, birds in Stick Trials habitually chose top cobs
over bottom cobs (see SI Fig. S1). This is apparently typical of corn
depredating birds,2,9 and is likely to be a result of predation risk
sensitivity where higher foraging sites offer better escape posi-
tions from attacking predators.
When birds foraged in a laser-treated plot, distance to the laser

had a significant effect on all cohorts of birds (Figs 5 and 6), with
higher overall damage further from the laser unit; this is likely to

Figure 6. Marginal predicted mean ear damage for the interaction
between treatment (control versus laser) and distance to laser for Stick Tri-
als. Selected marginal contrasts for treatment effects: at −100, χ2 = 9.27,
P < 0.00; at 0, χ2 = 3.36, P = 0.07; and at 100, χ2 = 3.48, P = 0.06; joint
χ2 = 10.19, P = 0.07). Shading = 95% CI.

Figure 5. Marginal predicted effect of distance to laser on ear damage in (left) Stick and (right) Natural Trials. Shading = 95% CI.
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have been caused by the loss of laser intensity with distance from
source.42 There was a very strong laser deterrence effect up to
∼20 m, but none by 30 m, from scarecrow units in Stick Trials,
which is most likely because laser power drops off rapidly owing
to the beam divergence of our units (see SI Fig. S1). While this
result suggests that in natural cornfields, birds should be able to
settle and feed undisturbed >20 m away from laser units, field
tests of the same type of scarecrow unit that we used did not
detect this pattern owing to an essential difference between our
pens and open fields from the birds' perspective. Field tests of
lasers in sweet corn typically deploy a single laser unit in each
large corn field, and this reduces damage significantly across the
entire field (R. Brown, unpublished data).21 Why this occurs relates
to wild flock behaviors. Growers in field studies note that a com-
mon response to the presence of a laser in a field is that entire
flocks will simply not settle in the field after a laser is detected,
and instead move—sometimes large distances—to untreated
fields.1,5,21,43 Therefore, it is important to understand not only
the differences in the bird–corn interactions between the Stick
and Natural Trials that we conducted, but also how the foraging
behaviors of the birds in our small-scale pen studymay differ from
those of free-flying bird flocks with access to large, sweet corn
fields. Birds in our study were confined and essentially forced to
forage repeatedly in or adjacent to laser-treated areas more often
than they would have in a field setting.

4.3 Temporal effects
In both trial types, birds were eating more corn overall by D5 than
they were on D2 (Fig. 4). The simplest interpretation is that birds
were learning to find corn ears and utilize them more effectively
as the week progressed wherever they foraged. It is possible that
their tolerance of laser discomforts increased with day of expo-
sure, but we have no direct evidence of this. Tolerance is defined
as acceptance of discomfort or perceived risk to fulfill a need such
as foraging.18 For example, some wildlife species strongly avoid
humans but will tolerate them nearby to feed on human garbage.
Tolerant behavior toward uncomfortable stimuli also can develop
via habituation-like processes, but identifying either process
requires confirming that specific individuals withstood increasing
direct exposure over time, data that we did not collect.
Given only two Natural Trials, we could not examine interactions

in the statistical model. To gain some insight into how birds forag-
ing in Natural Trials responded over time in treatment and con-
trols, we plotted the raw numbers of ears damaged (range 0–8)
in the 32 subquadrants during Natural Trials (see SI Fig. S3). These
few data suggest the possibility that aversion to lasers may have
intensified over time in Cohort 8; damage increased markedly
on control plots and decreased slightly on laser-treated plots, sug-
gesting that birds rapidly increased utilization of control plots and
may have decreased activity on laser-treated plots while clearly
avoiding them. True sensitization (the inverse of habituation)
would require that individuals become increasingly avoidant of
a repeated stimulus because they perceive real danger to them-
selves.18,44 We did not assess individual changes in behavior here,
but if some individuals in Cohort 8 becamemore reactive to lasers,
others may have become more avoidant through social learning.

4.4 Pen versus field scale
The scale of this study was smaller than field plots; nonetheless,
we detected all major effects of lasers noted in field-scale studies.
We caution that the interactions between birds, lasers and sweet
corn in our pen study will not scale directly to fields with free-

flying flocks. In open fields, flocks of starlings and blackbirds move
freely among fields and a single field may attract many different
individuals each day.45 Also, wild flocks are much larger than
10 birds and birds can choose how to associate with each other,
whereas we formed artificial social groups that may have lacked
coherence. For example, wild starlings rely on sentinels (nonfora-
ging birds perched nearby) to look for predators (which we did
not assess). If pen flocks did not have sentinels, then this and
the small flock size could have elevated the birds' perceptions of
risk that, in turn, may have influenced behavioral patterns while
foraging.46,47 Finally, a common behavior of starling, blackbird
and grackle flocks in fields with nonlethal deterrents (lasers, audio
devices, robot predators, drones) is that when startled, flocks will
rise and leave the affected field entirely in order to settle in
untreated fields (R. Brown, personal observations), an option una-
vailable to birds in the pen study.48

5 CONCLUSION
Lasers are proving to be effective bird deterrents in sweet corn.
The damage reduction that we detected in Natural Trials was sim-
ilar in magnitude with field studies, at far more than 20%.21 In
addition to lasers, other types of nonlethal deterrents are proven
to be effective at field scales.49 Moreover, when lasers are paired
with other devices (e.g. acoustic), damage to sweet corn fields is
reduced more than when lasers are used alone.50 In this study,
the scale was confined to laser effects within 30 m. In general,
however, field trials with lasers show that far larger distances
between deterrent devices, even in problem areas near roosting
sites, can work very well.21,51

The controlled experimental setting allowed us to detect signif-
icant effects of distance to laser and temporal patterns in damage,
and the comparison of two trial types (artificial and natural corn)
yielded important insights into how lasers may function. For
example, we suggest that in cropping situations with little foliage,
it may be best to program laser units to sweep up and down; this
probably would have enhanced treatment effects in Stick Trials by
directly hitting the birds as they foraged. However, it also is clear
from our Natural Trials and field trials that it is better to project a
stationary laser layer over sweet corn tops, because sweeping
the laser up and down in dense corn foliage would be ineffective
past a very short distance (R. Brown, personal observations).
Finally, the development of avoidance or tolerance by birds and,

in turn, temporal declines in laser deterrence, is probably unim-
portant in sweet corn simply because the vulnerable period is
brief; typically less than a week between the onset of milking
stage and harvest.52 However, if lasers are used to deter birds
from crops with long vulnerable periods, such as fruits and berries,
then identifying the likelihood of laser avoidance or tolerance will
be important.53,54 Many birds that attack fruit crops are year-
round residents; individual responses to repeated laser exposure
could, therefore, determine efficacy.55,56 We would encourage
studies of marked individuals in pen and field settings to deepen
understanding of the likelihood of laser tolerance or avoidance via
habituation and sensitization.18
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