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� High visual attention load eliminates visual interference in children and adults. � Even at high load, multimodal distractors
influence adults and older children. � Increased visual load ‘shields’ younger children from multimodal interference.
� Developmental research reveals mechanisms controlling attention in real life contexts.
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25How does the multi-sensory nature of stimuli influence information processing? Cognitive
26systems with limited selective attention can elucidate these processes. Six-year-olds,
2711-year-olds and 20-year-olds engaged in a visual search task that required them to detect
28a pre-defined coloured shape under conditions of low or high visual perceptual load. On
29each trial, a peripheral distractor that could be either compatible or incompatible with
30the current target colour was presented either visually, auditorily or audiovisually. Unlike
31unimodal distractors, audiovisual distractors elicited reliable compatibility effects across
32the two levels of load in adults and in the older children, but high visual load significantly
33reduced distraction for all children, especially the youngest participants. This study pro-
34vides the first demonstration that multi-sensory distraction has powerful effects on selec-
35tive attention: Adults and older children alike allocate attention to potentially relevant
36information across multiple senses. However, poorer attentional resources can, paradoxi-
37cally, shield the youngest children from the deleterious effects of multi-sensory distraction.
38Furthermore, we highlight how developmental research can enrich the understanding of
39distinct mechanisms controlling adult selective attention in multi-sensory environments.
40� 2014 Published by Elsevier B.V.
41

42

43

44 1. Introduction

45 The effectiveness of cognitive functioning in everyday
46 life is determined by the ability to focus on a task while
47 ignoring concurrent distracting stimuli (i.e., selective
48 attention). Models of attentional selection were greatly
49 advanced by ‘‘perceptual load theory’’ (e.g., Lavie,
50 1995,2005; Lavie & Tsal, 1994, 2011), proposing that the
51 extent to which such irrelevant stimuli are distracting is
52 determined by the degree to which the currently per-
53 formed task exhausts one’s available attentional resources.
54 This influential proposal operationalized ‘‘distraction’’ as
55 interference on one’s primary task by task-irrelevant
56 stimuli and we shall here follow this convention. The

57current study demonstrates that studying distraction in
58real-life environments, multi-sensory by nature, can reveal
59other mechanisms important for controlling attention, and
60that their importance might be more readily witnessed by
61studying cognitive systems whose attentional control is
62developing (e.g., children).

631.1. Attentional allocation in unimodal environments

64Lavie and Tsal (1994) argued that attentional resources,
65in particular their limited nature, are what determines
66whether stimuli irrelevant to the current task will be pro-
67cessed. Lavie and colleagues provided evidence for this
68claim in a series of now classical studies that employed
69the response-competition task (Lavie, 1995; Lavie & Cox,
701997; Lavie & Tsal, 1994): Typically, when one is searching
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71 for one of two target letters (X or N) amongst a small num-
72 ber of letters (a task posing low perceptual load demands),
73 concurrently presented peripheral distractors trigger reli-
74 able stimulus–response compatibility effects, i.e., slower
75 search times on trials in which these peripheral stimuli
76 prime a response opposite to the target response (e.g., an
77 X when the target was an N). However, during search
78 amongst a larger number of similar letters (a task posing
79 higher perceptual load demands) compatibility effects are
80 strongly reduced. In line with perceptual load theory
81 (Lavie, 1995), in a task posing low perceptual demands,
82 remaining attentional resources are automatically allo-
83 cated to task-irrelevant stimuli in the environment. This
84 results in distraction, as both target and distractors are
85 processed up to the stage of their semantic representation
86 and associated motor response. Such a situation contrasts
87 with processing of distractors in a task that is perceptually
88 demanding: Their processing is reduced or even elimi-
89 nated, because the task is thought to be exhausting the
90 available attentional resources.

91 1.2. Attentional allocation when faced with cross-modal
92 distraction

93 While the importance of the nature of one’s primary
94 task in constraining distraction has since been replicated
95 with various methods, measures and populations (see
96 Lavie, 2010, for a review), of particular value is testing
97 whether predictions of perceptual load theory hold against
98 everyday situations, such as in the context of cross-modal
99 distraction. Early seminal work by Allport and colleagues

100 (e.g., Allport, Antonis, & Reynolds, 1972) had demonstrated
101 that a fairly complex auditory task (i.e., auditory shadow-
102 ing) can be performed alongside a demanding visual task
103 (i.e., sight-reading music), which suggests a limited effect
104 of processing load across senses. Further contrasting evi-
105 dence was provided by Tellinghuisen and Nowak (2003),
106 who used a version of the response-competition task
107 adapted to a cross-modal context: when peripheral letter
108 distractors are presented auditorily during search for
109 visual letter targets, they, unlike visual distractors, filter
110 into further processing stages, causing interference under
111 conditions of high visual perceptual load.
112 The residual interference effects from auditory distrac-
113 tors on visual tasks have been presented as evidence for
114 separate attentional resources in vision and audition: Visu-
115 al distractors do not impact attention on the primary task,
116 presumably because attentional resources in the primary
117 modality have been depleted, whereas separate resources
118 are devoted to auditory distractors (Duncan, Martens, &
119 Ward, 1997; Welch & Warren, 1980). However, recent
120 studies have provided mixed evidence for this account
121 (Jacoby, Hall, & Mattingley, 2012; Klemen, Büchel, &
122 Rose, 2009; Parks, Hilimire, & Corballis, 2011). For exam-
123 ple, high visual perceptual load was recently shown to
124 induce inattentional deafness: Macdonald and Lavie
125 (2011, Experiment 3) instructed participants to judge
126 which of two coloured arms of a centrally presented cross
127 was longer, while on some trials a task-irrelevant pure
128 tone was presented. On trials where the two arms differed
129 in length only slightly (a perceptually demanding task),

130conscious awareness of the tone was reduced compared
131to trials in which the difference in arm length was larger
132(a task with lower perceptual demands). In contrast to sep-
133arate-resources models, these results indicate that in
134adults, even in cross-modal contexts, at least under some
135conditions (e.g., very high visual load and/or complete task
136irrelevance of the auditory distractor) attentional
137resources are shared across modalities.

1381.3. Attentional allocation in multi-sensory environments

139The jury is therefore still out on whether cross-modal
140distraction can be entirely removed by increases in visual
141attentional load and on what drives cross-modal distrac-
142tion, i.e., interference, on a visual task. Particularly infor-
143mative to this debate are studies employing stimuli that
144present redundant information to more than one modality
145at once (e.g., Matusz & Eimer, 2011, 2013; Van der Burg,
146Talsma, Olivers, Hickey, & Theeuwes, 2011). Multiple
147sources of congruent information are integrated into a uni-
148fied multi-sensory percept that triggers enhanced behav-
149ioural and/or neural responses, both when the
150information is redundant at a low perceptual (e.g., tempo-
151ral and/or spatial alignment; e.g., Santangelo & Spence,
1522007, but see Spence, 2010) or high semantic level (e.g.,
153Laurienti, Kraft, Maldjian, Burdette, & Wallace, 2004; for
154a review, see Alais, Newell, & Mamassian, 2010). However,
155this body of research has tended not to use the classical
156visual perceptual load paradigms. Yet, this novel extension
157is much needed, as it would bridge the perceptual load the-
158ory of selective attention and theories of multi-sensory
159processing, which traditionally have been developed sepa-
160rately. Do increased perceptual demands of the primary
161task reduce distraction elicited by multi-sensory events?
162If audiovisual distractors were processed under both lower
163and higher visual load, this would provide further support
164for the idea that, at least under some conditions, separate
165attentional resources are deployed (Tellinghuisen &
166Nowak, 2003). Interestingly, multi-sensory distractors
167should generally result in more robust distraction (i.e.,
168interference on the primary task) than unimodal distrac-
169tors because at each level of visual perceptual load they
170would engage attentional resources in two modalities. If
171such effects were indeed observed, this would call for a
172revision of the perceptual load theory to accommodate
173multi-sensory distraction.

1741.4. Insights from developmentally-informed research

175Some of the strongest evidence for the critical role of
176attentional resources in reducing distractor processing
177has been provided by research involving young children,
178whose attention is known to be less efficient than that of
179adults (e.g., Plude, Enns, & Brodeur, 1994; Trick & Enns,
1801998). In a version of the response-competition task,
181Huang-Pollock, Carr, and Nigg (2002) found that children
182as young as seven years of age were more distracted by
183peripherally-presented letters than young adults when
184the search task was easy, consistent with poorer
185mechanisms of distractor interference control in children
186(Posner, Rothbart, & Thomas-Thrapp, 1997). Under
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187 conditions of high perceptual load, children were not dif-
188 ferentially influenced by distractors, like adults, as indexed
189 by a lack of distractor compatibility effects on RTs (see also
190 Maylor & Lavie, 1998, for similar implications from data
191 from elderly participants). This pattern of results suggested
192 that children are less able than adults to control stimulus–
193 response conflict (a marker of poor attentional control),
194 but only until attentional-capacity limits are reached.
195 A developmental approach might be beneficial also in
196 assessing whether the predictions of perceptual load the-
197 ory extend to how attentional resources are allocated to
198 distractors presented in multiple sensory modalities. Do
199 increased perceptual demands of the primary task reduce
200 distraction elicited by multi-sensory distractors in chil-
201 dren, who have fewer attentional resources, as well as in
202 adults? A developmentally-informed design therefore has
203 the potential to provide insights into distinctive mecha-
204 nisms controlling attention in multi-sensory contexts. Crit-
205 ically, while children and adults seem to be similarly
206 ‘shielded’ from visual distraction at higher levels of visual
207 load, this might not hold true for distractors in other
208 modalities, and especially ones presenting information to
209 multiple sensory modalities at once. In systems possessing
210 weak attentional resources, the perceptual load theory in
211 its current form would expect higher levels of visual load
212 to exhaust these resources earlier, thus decreasing the pro-
213 cessing of multi-sensory distractors compared to the fully
214 developed system. However, if interference from multi-
215 sensory distractors was found for children, this would call
216 for a revision of perceptual load theory to accommodate
217 the role of multi-sensory distraction. One would need to
218 account for how increases in the perceptual load of the
219 primary task may shield from distraction under some
220 conditions but not others. These are as yet untested
221 hypotheses, despite their clear importance for selective
222 attention models and for the understanding of attentional
223 control development.

224 1.5. The current study: approach and predictions

225 The aim of this study was to investigate developmental
226 differences in how the perceptual load of a primary visual
227 selective attention task constrains the processing of multi-
228 sensory, i.e., audiovisual, distractors. For this purpose, we
229 employed a traditional perceptual load paradigm, with a
230 novel modification: For the first time, peripheral distractor
231 stimuli were not only presented visually or auditorily, but
232 also audiovisually. Secondly, and again for the first time,
233 age-related differences in attentional abilities were used
234 to probe the limits of multi-sensory distraction. Six-,
235 11- and 20-year-olds searched for a visual coloured shape
236 (red square or green circle) in arrays consisting of 1 (a
237 lower visual load condition) or 4 (a higher visual load
238 condition) coloured shapes. For visual distractors, at the
239 lower level of visual load we predicted larger compatibility
240 effects for children than adults, because of children’s
241 poorer control of stimulus–response conflict, an atten-
242 tional control mechanism (replicating Huang-Pollock
243 et al., 2002). At the higher level of load, the exhaustion
244 of visual attentional resources should eliminate visually-
245 induced compatibility effects across all age groups. For

246auditory distractors, compatibility effects in adults
247were expected not to be modulated by visual load
248(Tellinghuisen & Nowak, 2003), although these findings
249remain controversial (Macdonald & Lavie, 2011). Critically,
250in adults we expected robust distraction in response to
251audiovisual distractors, i.e., compatibility effects at levels
252of lower and higher load that, at a minimum, resemble
253the processing of the most effective distractor at each level.
254A developmentally-inspired design provided informative
255differential predictions with respect to distinct mecha-
256nisms controlling distraction in multi-sensory contexts:
257if attentional resources are joint across modalities
258(Macdonald & Lavie, 2011), auditorily – and audiovisual-
259ly-induced compatibility effects should be eliminated or
260at least strongly reduced across all age-groups at the
261higher level of visual load. If instead separate attentional
262resources exist for the visual and auditory modality,
263audiovisually-induced compatibility effects should not be
264reduced by visual load, even in the youngest children.

2652. Method

2662.1. Participants

267Thirty ‘‘6-year olds’’ (mean age 6.7 years, age range 6–
2687.2 years) and thirty-three ‘‘11 year olds’’ (mean age
26910.9 years, age range 9.9 years–11.8 years), as well as
270thirty adults (undergraduates students, mean age 20 years,
271age range 18.1–22.4 years) took part. All adult participants
272provided informed consent and parental consent was also
273obtained for each child, according to the procedures set
274out by the appropriate Ethics Review board. Children were
275rewarded for participation with a certificate and stickers,
276whereas adults participated without compensation. All
277had normal hearing and normal or corrected-to-normal
278vision.

2792.2. Stimuli, procedure and design

280Stimuli were presented using E-prime v.2 on a screen
281located approximately 50 cm from the participants. Each
282trial began with an 800-ms-long central fixation point,
283immediately followed by a 200-ms-long search display.
284As shown in Fig. 1, participants searched for coloured
285shapes with a particular conjunction of features, i.e., either
286a red square or a green circle, and pressed an appropriate,
287clearly labelled keyboard button upon detection. In set-
288size 4 blocks, the target (0.6� � 0.6�) was surrounded by
289three nontarget shapes drawn randomly from a set of red
290and green triangles, circles and squares (0.6� � 0.6�),
291appearing randomly and equiprobably in one of six possi-
292ble locations along the circumference of a circle centred
293at fixation (2.1� radius). In set-size 1 blocks, the target
294was presented alone at one of the six locations.
295The visual peripheral distractor was a larger (0.8� �
2960.8�) red or green square or circle shape presented at a
297distance of 4.1� from the fixation point. The auditory
298distractors were voice recordings of the words ‘red’ or
299‘green’ presented laterally (both lasting 500 ms, see
300Supplementary Materials available online for a parallel
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301 study presenting auditory stimuli for 200 ms). In the
302 audiovisual distractor condition, the distractor was pre-
303 sented visually to either left or right of fixation and concur-
304 rently to either the left or right speaker. The experiment
305 lasted 30 min, deemed a length appropriate for the youn-
306 gest children following a pilot study. Ten blocks of 24 trials
307 were presented, five blocks for each of two set-size condi-
308 tions. For each of the two target identities, each of the
309 three distractor types was presented four time (two trials
310 for each of two compatible and incompatible conditions),
311 thus resulting in 24 trials in each block. The experiment
312 consisted of 10 blocks (five blocks for each of two set-size
313 conditions), with a total of 240 experimental trials.

314 3. Results

315 Means of median correct reaction time (RT) and error
316 rates are reported in Fig. 2. A four-way mixed analysis of
317 variance (ANOVA) was conducted on the RTs data, with
318 compatibility (distractor compatible versus incompatible
319 with the target identity), set-size (1 versus 4 coloured
320 shapes in the search array), and distractor type (visual ver-
321 sus auditory versus audiovisual) as within-subjects factors,
322 and age (adults versus 11-year-olds versus 6-year-olds) as
323 a between-subjects factor. RTs were modulated by age,
324 F(2,90) = 59.51, p < .001, gp

2 = .57, with gradually faster
325 responses across age-groups (1265 ms versus 1070 ms ver-
326 sus 699 ms), all p’s < .001. There were main effects of com-
327 patibility, F(1,90) = 120.47, p < .001, gp

2 = .57; distractor
328 type, F(1.83,164.92) = 16.1, p < .001, gp

2 = .15; and set-size,
329 F(1,90) = 111.3, p < .001, gp

2 = .55. Compatibility and set-
330 size interacted, F(1,90) = 24.41, p < .001, gp

2 = .21, and age
331 modulated this interaction, F(2,90) = 7.48, p < .001,

332 gp
2 = .14, suggesting that increasing set-size reduced dis-

333 traction, but also that this effect differed across age groups.
334 A three-way interaction between compatibility, set-size
335 and distractor type, F(2,180) = 21.8, p < .001, gp

2 = .2, indi-
336 cated that the effect of increased set-size on distraction
337 also differed depending on the type of distractor.
338 Critically, a four-way interaction between compatibil-
339 ity, set-size, distractor type and age was observed,
340 F(4,180) = 3.89, p < .01, gp

2 = .01. To investigate the sources
341 of this interaction, compatibility effects were analysed sep-
342 arately for each distractor type. To summarize these

343results, while increased visual set-size removed interfer-
344ence effects of visual-only distractors in all age-groups,
345audio-visual distractors affected adults at both levels of
346set-size. For all children, increased visual set-size reduced
347audiovisual distraction significantly, and to the level of
348only a trend for the youngest children. In addition, we
349investigated the 4-way interaction effect by comparing
350the effects of distractor types directly: At set-size 1, for
351all groups, audio-visual and visual distractors resulted in
352larger interference effects compared to auditory distrac-
353tors. At set-size 4, adults’ responses only were more
354affected by audio-visual than by auditory distractors.

3553.1. Visual distractors

356Overall faster responses on compatible relative to
357incompatible trials (965 ms versus 1084 ms),
358F(1,90) = 53.44, p < .001, gp

2 = .37, were modulated by set-
359size, F(1,90) = 35.45, p < .001, gp

2 = .28. Pair-wise compari-
360sons revealed reliable compatibility effects elicited at set-
361size 1 (228 ms, p < .001), but not set-size 4 (14 ms,
362p = .56). Importantly, compatibility effects were modulated
363by age, F(2,90) = 6.62, p < .001, gp

2 = .13. Here and hence-
364forth, significant interactions were investigated with anal-
365yses of simple main effects. Pair-wise comparisons
366revealed that overall compatibility effects triggered by
367visual distractors in both younger (149 ms) and older
368(173 ms) children were reliably larger when compared to
369adults (36 ms), smaller p < .05, but no difference was found
370between the two groups of children, p = 1. As predicted,
371there was a three-way compatibility � set-size � age
372interaction, F(2,90) = 8.07, p < .001, gp

2 = .15, indicating
373that reductions of compatibility effects across set-sizes dif-
374fered in adults and children (see Fig. 2, top panel). Pair-
375wise comparisons demonstrated that in all age groups reli-
376able compatibility effects were elicited at set-size 1
377(345 ms in 6-year-olds; 281 ms in 11-year-olds, and
37853 ms in adults, all p’s < .001). Separate pair-wise compar-
379isons demonstrated these compatibility effects elicited at
380set-size 1 were reliably larger in both younger and older
381children compared to adults, p’s < .001, but not different
382across the two groups of children, p = .83. Critically, at
383set-size 4 visually-induced compatibility effects were com-
384pletely eliminated in all age groups (smallest p = .076). To

Fig. 1. An example of a search display, in which a red-square (in black) target was presented at set-size 4 concurrently with a target-compatible audiovisual
peripheral distractor.
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Fig. 2. Median correct RTs and mean error rates observed for young adults (left panels), 11-year olds (middle panels) and 6-year olds (right panels) on
compatible and incompatible trials at two levels of set size, shown separately for visual, cross-modal and audiovisual distractors. The error bars represent
standard error of the mean.
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385 investigate whether the observed pattern was due to gen-
386 erally slower responses in children, compatibility effects
387 were scaled by average RTs across conditions (see
388 Huang-Pollock et al., 2002; Maylor & Lavie, 1998). An
389 ANOVA on these proportional scores retained a set-size x
390 age group interaction, F(2,90) = 3.57, p < .05, gp

2 = .07. As
391 seen previously, for all groups significant compatibility
392 effects (p’s < .001) at set-size 1 were eliminated at set-size
393 4 (p’s > .11), p’s < .05.

394 3.2. Auditory distractors

395 RTs were overall reliably faster on compatible versus
396 incompatible trials (946 ms versus 1005 ms), as indexed
397 by a main effect of compatibility, F(1,90) = 11.42, p < .001,

398 gp
2 = .12. As shown by Fig. 2 (middle panel), in contrast

399 with the effects found for visual distractors, these compat-
400 ibility effects were not modulated by age, F(2,90) = 1.45,
401 p = .24, set-size, F(1,90) = 1.78, p = .19, or an interaction
402 between set-size and age, F < 1. An anonymous reviewer
403 helpfully pointed out that, although interaction effects
404 did not reach statistical significance, visual inspection of
405 Fig. 2 suggested that compatibility effects might not have
406 been reliably triggered in adults by auditory distractors
407 (see left column in the middle panel). Separate pair-wise
408 comparisons confirmed this for set-size 1 (7 ms, p = .15),
409 with distraction effects observed at set-size 4 (30 ms,
410 p < .05). In 11-year-olds compatibility effects were reliably
411 present both at set-size 1 (42 ms, p < .05) and set-size 4
412 (94 ms, p < .05), while in 6-year-olds they were significant
413 at set-size 1 (79 ms, p < .05), but at a level of a non-signif-
414 icant trend at set-size 4 (103 ms, p = .06). To reiterate, the
415 most conservative statistical analyses revealed no differ-
416 ences across these compatibility effects. Both this and the
417 lack of reliable cross-modal distraction effects at lower lev-
418 els of load in adults are consistent with previous work
419 (Tellinghuisen & Nowak, 2003).

420 3.3. Audiovisual distractors

421 There were overall faster responses on compatible rela-
422 tive to incompatible trials (948 ms versus 1124 ms),
423 F(1,90) = 98.69, p < .001, gp

2 = .52. This effect was modu-
424 lated by set-size, F(1,90) = 19.95, p < .001, gp

2 = .18, with
425 compatibility effects larger at set-size 1 than set-size 4
426 (243 ms versus 107 ms). Importantly, compatibility inter-
427 acted with age, F(2,90) = 9.22, p < .001, gp

2 = .17, with lar-
428 ger compatibility effects when both younger (242 ms)
429 and older (211 ms) children were compared to adults
430 (68 ms), smaller p < .01, but with no difference between
431 two groups of children, p = 1. Similarly to visual distractors,
432 a three-way compatibility � set-size � age interaction was
433 found, F(2,90) = 5.87, p < .01, gp

2 = .12, suggesting that the
434 reduction of compatibility effects as a function of set-size
435 differed again across ages (see Fig. 2, bottom panel). In
436 an analysis of simple main effects, a first series of separate
437 pair-wise comparisons revealed that the three-way inter-
438 action effect was driven by the fact that compatibility
439 effects emerged at both levels of set-size for adults
440 (68 ms and 68 ms, both p < .001), and for 11-year-olds
441 (285 ms at set-size 1, while they were reduced at set-size

4424, 136 ms, smaller p < .01), whereas for 6-year-olds they
443were reliable at set-size 1 (371 ms, p < .001), but not at
444set-size 4 (113 ms, p = .054). A further series of pair-wise
445comparisons carried out on these compatibility effects
446revealed that compatibility effects were reliably reduced
447between set-size 1 and 4 for both younger (t(29) = 3.41,
448p < .01) and older children (t(32) = 3.04, p < .01) , but not
449adults (t(29) = .01, p = .99). An ANOVA run on proportional
450compatibility effects (i.e., compatibility effects scaled by
451average RTs across conditions as above) for audiovisual
452distractors was carried out to compare them more fairly
453across age-groups, as these differed widely in average RT.
454The ANOVA retained a set-size � age group interaction,
455F(2,90) = 4, p < .05, gp

2 = .09. For all age groups audiovisual
456distraction effects were reliably present at set-size 1
457(scaled compatibility effects were .271, .274, .109 for youn-
458ger, older children and adults respectively, p’s < .001),
459while at set-size 4 they were eliminated for 6-year-olds
460(.070, p = .078), p < .01 for the decrease from set-size 1 to
461set-size 4, and attenuated for 11-year-olds (.109, p < .01),
462p < .001 for the decrease from set-size 1, but remained
463robust across this set-size for adults (.080, p < .001),
464p = .15 for the null decrease from set-size 1.

4653.4. Differences across distractor types

466The interaction effects between distractor type and the
467other factors, reported above, called for an additional
468explicit comparison of distractor effects. We ran three sep-
469arate repeated measures three-way ANOVAs, one for each
470age group of interest, with compatibility, set-size, and dis-
471tractor type as within-subjects factors. For younger chil-
472dren, the interaction between distractor type, set-size
473and compatibility was significant, F(2,58) = 11.425,
474p < .001, gp

2 = .283, driven by simple main effects of dis-
475tractor type for set-size 1, for both compatible,
476F(2,28) = 5.228, p = .011, gp

2 = .274, and incompatible trials,
477F(2,28) = 19.199, p < .001, gp

2 = .578, but not for set-size 4
478(p > .305). At set-size 1, younger children responded signif-
479icantly faster with auditory distractors than with visual
480and audiovisual distractors, for compatible and incompat-
481ible trials (p < .013 and p < .001, respectively), whereas
482visual and audiovisual distractors did not differ (p = .159).
483For older children, there was a reliable interaction between
484distractor type, set-size and compatibility, F(2,58) = 8.959,
485p < .001, gp

2 = .219, driven by a simple main effect of dis-
486tractor type for incompatible trials at set-size 1,
487F(2,28) = 31.015, p < .001, gp

2 = .667. Older children were
488faster at responding with incompatible auditory than
489incompatible visual and audiovisual distractors (p < .001),
490whereas visual and audiovisual distractors did not differ
491(p > .922), and there were no distractor effects on compat-
492ible trials (p = .880). For adults, there was only a two-way
493interaction between distractor type and compatibility,
494F(2,58) = 8.177, p = .001, gp

2 = .220, driven by a simple
495main effect of distractor type for incompatible trials,
496F(2,28) = 14.865, p < .001, gp

2 = .515, but not compatible
497trials (p = .920). Adults were faster with incompatible audi-
498tory distractors (M = 695.45 ms) than with visual distrac-
499tors (713.55 ms, p = .035) and were slowest with audio-
500visual distractors (747.8 ms, p = .001 compared to both
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501 auditory and audiovisual distractors). As this pattern may
502 suggest evidence of enhanced multi-sensory compared to
503 unimodal effects in adults, targeted pairwise comparisons
504 on compatibility effects at each level of set-size were con-
505 ducted. At set-size 1, for adults compatibility effects for
506 audiovisual (68 ms) and visual distractors (i.e., the most
507 effective unimodal distractor at that set-size, 53 ms) did
508 not differ significantly, p = .310. At set-size 4, for adults
509 the compatibility effect for audiovisual distractors
510 (68 ms) was significantly larger than that for auditory dis-
511 tractors (i.e., the most effective unimodal distractor at that
512 set-size, 30 ms, p = .024).

513 3.5. Accuracy data

514 Error rates data failed to fulfil the parametric test
515 assumptions. Wilcoxon’s signed rank tests showed visu-
516 ally-induced compatibility effects at set-size 1 and 4 for
517 both 6-year-olds (20% and 10.3%, p’s < .001) and 11-year-
518 olds (11.4% and 9.1%, p’s < .05), but not in 20-year-olds
519 (1.8%, p = .13, and 3.1%, p = .053). Auditorily-induced
520 effects were reliable only in 6-year-olds at set-size 1
521 (5.1%, p < .05), p’s > .27 for other groups and conditions.
522 Audiovisually-induced effects were significant for 11-
523 year-olds at set-size 1 and 4 (11.2% and 10.6%, p’s < .001),
524 and significant at set-size 1 but not 4 for 6-year-olds
525 (21.8%, p < .001, and 3.8%, p = .5) and 20-year-olds (2.7%,
526 p < .03 and �.09%, p = .68), respectively. Despite the fact
527 that the error rates were particularly high for some of the
528 youngest children (see Fig. 2), the reduction in compatibil-
529 ity effects as measured by RTs with increased set-size was
530 not due to a speed accuracy trade-off. The same pattern of
531 results was revealed by an identical four-way ANOVA
532 when participants with error rates above 33% (twelve 6-
533 year-olds and two 11-year-olds) were excluded from the
534 analyses, and thus these analyses are not reported here.

535 4. Discussion

536 The main aim of the present study was to investigate
537 whether poorer attentional selection ‘shields’ from inter-
538 ference from distractors that present information in multi-
539 ple modalities. For this purpose, 6-, 11- and 20-year-olds
540 searched for coloured-shape targets under variable visual
541 perceptual load demands while ignoring visual, auditory
542 and audiovisual distractors appearing in the periphery.
543 The key overall finding was that whether increases in
544 visual perceptual load decreased distraction depended crit-
545 ically on the nature of the distractor and on the age of the
546 observer. We evaluate the novelty of these results, from
547 their contributions to the understanding of visual selective
548 attention development, its extension to multi-sensory
549 environments and relationships with the broader literature
550 on attentional control.

551 4.1. Developing attentional allocation in unimodal
552 environments

553 The pattern of compatibility effects triggered by visual
554 distractors is consistent with the findings of Huang-

555Pollock et al. (2002). Under low visual attention demands,
556both younger groups were more distracted by peripheral
557shapes than adults, as indexed by larger compatibility
558effects. These findings replicated how, under low visual
559attentional demands, visual distractors are more disruptive
560for developing systems because of poorer abilities to con-
561trol conflict at the level of response selection. Indeed, the
562low load condition presented observers with a single cen-
563tral stimulus and a peripheral flanking distractor. Higher
564visual load eliminated distractor effects at all ages, a find-
565ing previously interpreted as suggesting that visual atten-
566tional demands lead to adult-like levels of distraction by
567exhausting attentional resources, and therefore diminish-
568ing the size of a visuo-spatial attentional window (earlier
569selection, Huang-Pollock et al., 2002). Playing the devil’s
570advocate, although it is clear that larger visual interference
571effects at low visual load in children compared to adults
572are entirely eliminated with high visual load, it is hard to
573verify whether children’s visual attentional resources
574asymptote significantly earlier compared to adults with
575the current setup. This is because we used two levels of
576load (the minimum but commonly used number of levels
577in perceptual load experiments), rather than three or four
578levels. However, Huang-Pollock et al. (2002) demonstrated
579that in children (visual) distraction is eliminated at a load
580level of four items, while six are required for adults, sug-
581gesting that children’s resources do indeed asymptote ear-
582lier. Here we chose to pit against each other two levels of
583load because we aimed to focus instead on our multi-sen-
584sory questions in a developmental context: The youngest
585children would not have been able to complete an experi-
586ment involving multiple distractor types across many
587visual-load levels. Yet, the youngest participants were vital
588in testing whether the effects of multi-sensory information
589on distraction under higher visual load depend very simply
590on the depletion of a pool of central attentional resources,
591regardless of the modality of the distractor.

5924.2. Developing attentional allocation in multi-sensory
593environments

594Our most novel findings centre on the compatibility
595effects triggered by multi-sensory (i.e., audiovisual) dis-
596tractors. In adults, audiovisually-induced effects were reli-
597ably present at both lower and higher level of visual
598perceptual load, and not modulated by it. In turn, this sug-
599gests that in fully developed cognitive systems attention is
600allocated to the processing of information across modali-
601ties independently of the level of perceptual load imposed
602by a primary selective attention task. These results cannot
603be easily reconciled with the existing versions of accounts
604postulating that a single attentional resource is allocated
605separately across the senses. If limited-capacity attentional
606resources were jointly allocated to stimuli in multi-sensory
607environments, multi-sensory distraction should have been
608reduced with increased visual load. Notably, the robust
609multi-sensory distraction effects were not due to insuffi-
610ciently high visual load: In our Follow-up Study, we repli-
611cated multi-sensory distraction effects of similar size
612across four levels of visual load in adults (see Fig. S1).
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613 Remarkably, multi-sensory distraction effects were not
614 consistently enhanced compared to the effects triggered
615 by the most effective unimodal distractor at a given load
616 level, even for adults. The enhancement of effects triggered
617 by multi- versus unimodal stimuli is regarded as a hall-
618 mark of multi-sensory integration, as fusion of information
619 across the senses facilitates its processing by enabling the
620 brain to extract any redundancies (perceptual and/or
621 semantic; e.g., Laurienti et al., 2004; Matusz & Eimer,
622 2011). The current study did not set out to test the pres-
623 ence or absence of multi-sensory integration per se. How-
624 ever, the multi-sensory effects broadly resembled the
625 distraction effects triggered by the most effective unimodal
626 distractors. This may be because multi-sensory integration
627 is maximal when to-be-integrated stimuli are presented
628 synchronously (Stevenson & Wallace, 2013, for a review)
629 and in the absence of other competing stimuli (e.g.,
630 Sanabria, Soto-Faraco, Chan, & Spence, 2005). These find-
631 ings are important in their own vein by demonstrating that
632 (in fully developed cognitive systems) multi-sensory dis-
633 tractors are associated with robust processing even when
634 the presence of multiple stimuli in either sensory modality
635 might reduce the chance of multi-sensory integration and
636 its benefits. But what could these effects depend upon, if
637 not full multi-sensory integration? We believe that the
638 mechanisms responsible for these multi-sensory effects
639 were further elucidated by the results from individuals
640 whose selective attention abilities are only developing.
641 In contrast with adults, for both groups of children,
642 higher visual load decreased multi-sensory distraction,
643 and, for the youngest children alone it reduced it very
644 severely to a trend. In older children and adults, multi-sen-
645 sory distractors continued to trigger reliable distraction
646 under high perceptual task demands, in contrast with its
647 elimination with visual-only distractors. This pattern is
648 hard to reconcile with the current version of the perceptual
649 load theory, as limited-capacity attentional resources
650 jointly allocated to distractors should have been exhausted
651 at higher levels of load for all participants, and particularly
652 for both groups of children, given their lower visual atten-
653 tional resources (Huang-Pollock et al., 2002).

654 4.3. Developing attentional allocation in multi-sensory
655 environments: proposed mechanisms

656 The seemingly puzzling pattern of multi-sensory dis-
657 traction effects observed across the different age groups
658 is consistent with the dynamic interplay between distinct
659 non-mutually exclusive top-down attentional control
660 mechanisms that follow different developmental trajecto-
661 ries. First, at the lowest levels of load, both groups of chil-
662 dren were strongly and equally distracted by multi-
663 sensory stimuli. We agree with Huang-Pollock et al.
664 (2002) that, in contexts posing low perceptual demands,
665 the prolonged development of response-selection control
666 or late selection will shape how individuals from different
667 age groups will be distracted, and we showed for the first
668 time that this applies to uni- and multi-sensory contexts
669 alike.
670 Critically, however, with our novel developmentally-
671 inspired multi-sensory setup we were also able to

672demonstrate additional top-down attentional control
673mechanisms at play. Searching for visual targets whose
674semantic attributes (i.e., identity) can be represented in
675both the visual and the auditory modality, as is the case
676in this adaptation of the perceptual load paradigm, is likely
677to facilitate the processing of all stimuli, within the same
678and/or another sensory modality, that share the semantic
679features with the sought target. In support of this second
680non-spatial high-level and goal-driven bias, eye-tracking
681studies have demonstrated that children as young as six
682can use semantic information to guide their attention
683(Fletcher-Watson, Collis, Findlay, & Leekam, 2009). This
684would explain why both older children and adults alike
685showed multi-sensory distraction across lower and higher
686levels of load, although this effect was reduced by visual
687load in the older children. Why was audio-visual distrac-
688tion so severely reduced by load in the younger children?
689It is likely that a third distinct attentional mechanism
690was at play here: Increases in perceptual task demands
691can attenuate attentional selection of multi-sensory
692stimuli (e.g., Van der Burg, Olivers, & Theeuwes, 2012) by
693motivating observers to focus on the likely spatial location
694of the target (i.e., the top-down narrowing of spatial
695attentional window or early selection), especially in the
696absence of a well-established non-spatial top-down bias
697for relevant information in any modality. Indeed, spatial
698attentional biases, unlike the more complex goal-based
699biases above, have been frequently demonstrated in very
700young children (for a review, see Scerif, 2010). A
701mechanism whereby increasing task demands triggers
702the focusing of attention around the likely target location
703might develop earlier than the other, non-spatial top-down
704control mechanism, thus paradoxically ‘shielding’ younger
705children from distraction.

7064.4. The findings in context: relationships with the broader
707attentional control literature

708At first blush, the current findings contrast with the
709body of research proposing that young infants are born
710with a superabundance of cross-modal connections
711between early sensory cortices (Spector & Maurer, 2009),
712and that their attention is automatically guided towards
713intersensory redundancies (Bahrick, Lickliter, & Flom,
7142004; Lickliter & Bahrick, 2013). Indeed, multiple articles
715cast doubt on whether young children truly show multi-
716sensory enhancement (e.g., Barutchu, Crewther, &
717Crewther, 2009; Gori, Del Viva, Sandini, & Burr, 2008;
718Nava & Pavani, 2013). Of note, those studies do not inves-
719tigate multi-sensory attentional deployment, but rather
720multi-sensory redundancy, and therefore they highlight
721further the novelty of our study. For example, Nava and
722Pavani (2013) show interesting age-related differences in
723auditory processing, but again test this under conditions
724of low attentional demands, and when the auditory infor-
725mation is not task relevant. Here, we argue that the larger
726distraction effects in children than in adults found here
727under lower perceptual load demands for multi-sensory
728and visual distractors alike indicate that greater sensitivity
729to intersensory redundancy early in life might simply be
730limited to contexts where multi-sensory stimuli are pre-
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731 sented alone. This further adds support to our argument
732 that, in developing cognitive systems, attentional process-
733 ing of multi-sensory stimuli is much more flexible and con-
734 text-dependent than the current literature suggests.
735 Furthermore, the current findings provide insights that
736 extend beyond the debate on visual selective attention and
737 perceptual load. The broader literature on cognitive control
738 also suggests strong cross-modal effects of auditory dis-
739 traction on control processes in adults, both for Stroop-like
740 interference effects (Roelofs, 2005) and visual search (e.g.,
741 Klapetek, Ngo, & Spence, 2012). Moreover, the counter-
742 intuitive greater interference of multi-sensory distractors
743 in efficient observers, compared to the paradoxical ‘‘pro-
744 tective’’ effect of poor attentional resources against distrac-
745 tion in children, converge with parallel findings on adults’
746 privileged processing of (auditory) linguistic input on
747 visual tasks even when this information is potentially det-
748 rimental (e.g., Huettig & Altmann, 2011; Salverda &
749 Altmann, 2011). They also echo findings on the tantalising
750 mix of bilingual advantages in executive control (e.g.,
751 Bialystok & Barac, 2012; Costa, Hernández, Costa-Faidella,
752 & Sebastián-Gallés, 2009) and disadvantages in aspects of
753 language production (e.g., Runnqvist, Gollan, Costa, &
754 Ferreira, 2013). It would be of great value, for example,
755 to investigate how these distinct attentional and non-
756 attentional mechanisms relate to each other, over ‘‘typical’’
757 monolingual development, in adult bilinguals and as bilin-
758 gualism is established. Better attentional control seen in
759 bilinguals may actually make them more susceptible to
760 distractors due to their greater resources. For example, it
761 is possible that in the context of high stimulus–response
762 control and good monitoring abilities (e.g., Costa et al.,
763 2009) bilinguals suffer greater interference for low-fre-
764 quency semantic and syntactic representations (e.g.,
765 Runnqvist et al., 2013). Monolinguals may instead be
766 shielded from this interference. Further interactions across
767 these seemingly disparate literatures could be as produc-
768 tive as we believe is the case for perceptual load and
769 multi-sensory attention.
770 In conclusion, we provided novel evidence that increas-
771 ing the perceptual demands of the primary task might
772 effectively shield systems of reduced attentional capacity
773 from multi-sensory distractor interference. To reiterate,
774 the present findings therefore highlight the importance of
775 assessing individuals with different attentional capacity
776 for better understanding of selective attention in real-life
777 environments: Testing only adults would have erroneously
778 suggested that increasing attentional demands in the
779 visual modality plays no role in modulating distractor
780 interference in multi-sensory contexts. In contrast, our
781 developmentally-inspired design offered a tool to disen-
782 tangle distinct mechanisms controlling attentional selec-
783 tion in complex environments. First, we demonstrated
784 changes in stimulus–response interference control in uni-
785 modal and multi-sensory contexts, with significant differ-
786 ences between young and older children, and in turn
787 adults, when tested under low perceptual load demands;
788 second, we showed a change in attentional processing
789 capacity, leading both younger and older children to align
790 with adults at high load, but for visual distractors only;
791 and, finally, we provided novel evidence for changes in

792the allocation of attention to task-relevant multi-sensory
793information, with vital differences in multi-sensory dis-
794traction under high visual load across all age-groups. Thus,
795the current findings support the predictions of perceptual
796load theory (Lavie, 1995, 2011), but call for its revision,
797so that it accommodates the multi-sensory nature of dis-
798tractors and their variable task-relevance in real-life envi-
799ronments. Finally, they call for the need to test further key
800predictions of this theory against individuals with variable
801attentional abilities, as a way of informing mechanisms of
802efficient adult attentional control.
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