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Abstract
The acquisition of number conservation is a critical step in children’s numerical and mathematical development. Classic developmental studies have established that children’s number conservation is often biased by misleading intuitions. However, the precise nature of these conservation errors is not clear. A key question is whether conservation errors result from a failure to inhibit the misleading intuitions or from a failure to detect that these intuitions are erroneous in the first place. The present paper focuses on this fundamental conservation error or conflict sensitivity issue. We review behavioral and neuroimaging work that suggests that non-conserving preschoolers detect that their response is questionable and are less ignorant about conservation than their well-documented errors might have previously suggested. 
1 Introduction

Mathematics teachers and researchers have pointed to the importance of the acquisition of number conservation for children’s numerical and mathematical development (Houdé et al. 2011; Russell 2014). Difficulties in understanding the number conservation concept have been linked to a reduced mathematical fluency and to difficulties with addition and subtraction (Ramos-Christian et al. 2008; Wubbena 2013). The critical conservation principle boils down to the insight that a numerical quantity will remain the same despite adjustment of its apparent shape or size. Imagine that one is presented with a row of coins that is subsequently being stretched out. Adults and older children will have little trouble grasping that although the stretching makes the row longer, it does not increase the number of coins, of course. However, it is well established in the developmental literature that young children often fail this task. Until approximately age seven children typically seem to be convinced that the longer row also contains more coins (e.g., see Borst et al. 2012; Houdé 1997; Piaget 1941/1952; Ping and Goldin-Meadow 2008). 
Given the importance of number conservation for our cognitive development it is not surprising that children’s conservation errors have been studied extensively. In the work of Piaget (1941/1952), who introduced the coin-spreading-task, number conservation marked a critical transition from a pre-operational to operational stage in children’s thinking. According to Piaget, the non-conserving pre-operational child cannot grasp the conservation principle because they are limited to a purely intuitive and perceptual way of processing information. That is, their information processing will depend on the most perceptually salient information. Hence, in the coin-spreading task the pre-operational child will base their judgment purely on the visuospatial property of length. Consequently, they are bound to be misled by a length-equals-number intuition. 
Contemporary developmental research has stressed the role of inhibitory processing (e.g., Bjorklund and Harnishfeger 1990; Dempster and Brainerd 1995; Houdé 2000). According to these accounts young children’s conservation task failures do not necessarily reflect a categorical inability to grasp the number conservation principle per se, but rather a failure to override their erroneous visuospatial intuition. Children’s limited executive resources would not allow them to succeed in this demanding override process. 
In general, accounts that have stressed the importance of inhibition in development have received wide support and have become increasingly popular (e.g., Babai et al. 2012; Clayton and Gilmore 2015; Dempster and Brainerd 1995; De Neys and Everaerts 2008; De Neys and Van Gelder 2008; Houdé 1997, 2007; Lubin et al. 2013; Reyna et al. 2003; Simoneau and Markovits 2003; Stavy and Babai 2010). More specifically, there is also a rapidly growing field of literature on the importance of inhibition for mathematical learning (e.g., Attridge and Inglis 2015; Gilmore et al. 2013; Gilmore et al. 2015; Szücs et al. 2013). However, the precise nature of children’s inhibition failure in the number conservation task is not clear. A critical question is whether children fail the task because they lack the resources to complete the inhibition process or because they fail to detect that they need to inhibit in the first place. To clarify this point it is important to stress that inhibitory accounts do not posit that children always need to block their visuospatial impressions (e.g., Brainerd and Reyna 2001; Jacobs and Klaczynski 2002; De Neys and Vanderputte 2011; Houdé 2000; Klaczynski et al. 2001; Lubin et al. 2013; Reyna et al. 2003; Stanovich et al. 2011). Often our visuospatial impression provides a valid and useful basis for our judgment. Indeed, in many everyday situations length and quantity will typically co-vary. For example, when there are two rows of people waiting in line at the supermarket or two rows of cars standing before a red light, the longer row will typically also contain more items. In a number conservation task the visuospatial impression needs to be overridden because it results from a mere transformation and violates the logical conservation principle. This implies that an efficient inhibition requires that one monitors for such conflict first and inhibits the visuospatial impression whenever it is detected. Note that the conflict detection can be quite implicit and boil down to a vague awareness that the visuospatial intuition is not fully warranted (e.g., De Neys 2012, 2014; Proulx et al. 2012). However, it is nevertheless a crucial building block for an efficient inhibition process. Hence, what we need to know is whether or not children show some minimal awareness of the questionability of their conservation errors. 
In the present paper we review recent work from our lab that started examining the efficiency of the error detection process in number conservation and helped to unravel the precise nature of conservation errors. In a first section we present behavioral data that focused on children’s confidence in their erroneous responses. The following section presents fMRI work that tried to corroborate the behavioral findings by looking at brain activation associated with conservation errors. A final section discusses potentially interesting implications and links. 
2 Biased but in doubt
In a first study (De Neys et al. 2014) we tested a group of 42 five-year-old preschoolers. We focused on the performance of preschoolers since children at this age level typically fail the number conservation task. To test our hypothesis, children were given both a classic version of the number conservation task in which the intuitively cued visuospatial length-equals-number response conflicted with the correct conservation response (i.e., conflict version) and a control or no-conflict version in which this conflict was not present. That is, in the conflict version children initially saw two rows of equal length containing the same number of coins on a computer screen. Next, one of the rows was spread apart by apparent movement on the screen so that one was longer than the other and children were asked whether the two rows contained the same number of coins. In the no-conflict version the two rows also had the same number of coins but initially differed in length. Next, the longer row was transformed (i.e., contracted) by apparent movement on the screen to give both rows equal length and the child was asked whether the two rows contained an equal number of coins. Hence, the critical difference is that the control problem does not cue an erroneous visuospatial response. An example of the two items can be found in Fig. 1. Children solved one conflict and one no-conflict problem. The presentation order of the two trials was counterbalanced.
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Fig. 1 Illustration of a no-conflict and conflict problem in the study of De Neys et al. (2014). The figure illustrates the “end-state” of the problems after the transformation. 
After solving each version children were asked to indicate their response confidence (i.e., how sure they were that their response was correct) on a simplified rating scale. This allowed us to measure children’s error detection sensitivity (e.g., see De Neys et al. 2011; De Neys et al. 2013). If preschoolers do not have an elementary understanding of the conservation principle or do not detect a conflict between their erroneous intuitive answer and this knowledge, their response confidence should not differ after solving conflict and no-conflict problems. However, if children have a minimal awareness of the unwarranted nature of their conservation error, this should decrease their confidence and result in lower confidence ratings after solving conflict than after solving no-conflict control problems.
Results showed that, in line with previous studies, the majority of the preschoolers (i.e., 60%) failed to solve the standard conflict version whereas accuracy on the no-conflict problems was perfect (100% correct responses). However, the critical finding was that the same children who failed to solve the conflict problems (i.e., the so-called non-conservers) were far less confident about their response on the conflict than on the no-conflict problem. When rescaled to percentage points, confidence on the no-conflict problem reached 98% whereas confidence in the correctness of their answer on the conflict problem reached only 64% (Cohen’s d effect size = 1.53). Hence, although the non-conservers did not manage to give the correct response, their confidence indicated that they were not completely oblivious to their error. Recall that the key difference between the control and conflict version was whether or not the visuospatial intuition conflicted with the correct conservation response. If non-conservers do not have some elementary understanding of the conservation principle—or they are not detecting a conflict between their erroneous intuitive answer and this knowledge—they should have no reason to doubt their answer. 

Interestingly, results for the preschoolers who managed to solve the conflict problem correctly showed that this group of so-called conservers was as confident in their answer on the conflict version (99%) as in their control version answer (100%, Cohen’s d effect size = 0.25). Hence, preschoolers who managed to override the erroneous visuospatial intuitive response and answered the classic conservation task correctly also seemed to know that their response was in fact correct. This established that it is not simply the case that non-conservers are overall less confident about their decisions than conservers. The lower confidence was only observed in the condition where giving the correct response required dealing with a misleading visuospatial length-equals-number intuition. In sum, although non-conservers did not manage to inhibit this intuitive response the confidence data directly indicated that they at least detect that it is questionable. 

3 Conservation conflict in the brain
Our behavioral confidence study presented some initial evidence for the claim that even non-conserving preschoolers have some elementary understanding of the conservation principle and detect that their erroneous intuitive answer conflicts with this knowledge. This suggests that the nature of the inhibition failure posited by recent inhibitory conservation accounts should be conceived as a failure to complete the inhibition process rather than as a failure to detect that inhibition is required per se. In a subsequent study (Simon et al. 2014), we analyzed available brain imaging data to corroborate this claim. Recently, Houdé et al. (2011) ran the first neuroimaging study that looked at brain activation associated with number conservation. The Simon et al. (2014) study presents a critical re-analysis of this work. For clarity we will first discuss the original Houdé et al. (2011) imaging study and then present the rationale behind the re-analysis. 
In their study, Houdé et al. (2011) presented children with classic conflict problems and no-conflict control problems. Note that the no-conflict control problems were slightly different from the versions that were used in our behavioral study (De Neys et al. 2014) that we reviewed in the previous section. Houdé et al. presented colored coins and instead of asking whether the two rows contained the same number of coins, children were asked in the control problems whether the coins in the two rows all had the same color or not. However, the key point is that, just as in the De Neys et al. study, this control task did not cue an erroneous visuospatial response. Hence, there is no conflict to detect and no erroneous intuition to override. 
Houdé et al. (2011) tested a group of sixteen 5–6-year-olds and a contrast group of sixteen 9–10-year-olds because children in these two age ranges are known to predominantly fail and succeed at number conservation, respectively (behavioral testing established that this was indeed the case). Functional Magnetic Resonance Imaging (fMRI) was used to identify brain activation that was associated with correct and incorrect conservation responses. Therefore, Houdé et al. first contrasted brain activation in the group of 5–6-year-olds and 9–10-year-olds (i.e., groups that typically give incorrect and correct conservation responses, respectively). In addition, they also contrasted brain activation directly for the few 5–6-year-olds who managed to solve the conflict problem correctly and those 5–6-year-olds who erred. Both analyses consistently indicated that correct conservation responses on the conflict problems were associated with higher activation in a parietofrontal network (encompassing the parietal lobe and lateral parts of the prefrontal cortex) that had been previously shown to be involved in number processing and inhibitory control (e.g., Aron et al. 2004, 2014; Piazza and Dehaene 2004). Activation in this network (or any other region) did not differ when participants were solving the control no-conflict problems for which correct responding did not require inhibiting an erroneous intuitive response. 
The increased activation in regions (i.e., specifically the lateral prefrontal cortex) associated with inhibitory control when correctly solving conflict problems lends credence to the accounts that stress the role of inhibitory processing in number conservation. However, although this finding indicates that inhibition is required to solve the problems correctly, it does not clarify the nature of the inhibition failure. That is, the reduced activation for non-conservers might result from a failure to complete the inhibition process or from a failure to detect that the cued intuitive response is unwarranted and needs to be inhibited. As we explained above (Sect. 2), our behavioral confidence data (De Neys et al. 2014) argued against the latter alternative. Fortunately, brain imaging data can also be helpful to address this question. Note that whereas inhibition of an incorrect response is believed to be mediated by the lateral regions of the prefrontal cortex, the initial monitoring and detection of the erroneous or conflicting nature of a response is often linked with the more medial region of the prefrontal cortex—the so-called Anterior Cingulate Cortex or ACC (e.g., Botvinick et al. 2004; De Neys et al. 2008; Ridderinkhof et al. 2004—see also Ullsperger, Fischer, Nigbur, and Endrass 2014 for discussion).
Obviously, conserving children who successfully inhibit the erroneous length-equals-number intuition detect that the intuitive response is inappropriate. Our behavioral confidence data (De Neys et al. 2014) suggest that even non-conservers are detecting the erroneous nature of the intuitive response. Hence, if this is really the case, then one can predict that activation of the ACC region that is supposed to be mediating the detection process should not differ for conservers and non-conservers. That is, if both conservers and non-conservers detect that the intuitive response conflicts with the conservation principle and needs to be inhibited, then the two groups should show comparable ACC activation. Interestingly, this is precisely what can be observed from the published Houdé et al. (2011) data. In contrast with the more lateral prefrontal regions, activation in the more medial ACC region did not seem to differ in the groups of conservers and non-conservers. 
However, the conclusion with respect to the ACC activation in the Houdé et al. (2011) study faces some caveats. First, it is clear that it is based on acceptance of the null-hypothesis (i.e., no difference between two conditions). A critic could argue that there might have been a weak differential activation for conservers and non-conservers but that the analysis was not powerful enough to detect it. Second, the ACC is a large region with somewhat vague boundaries. The conclusion with respect to the non-differential ACC activation is based on a post hoc exploration of the contrast data in this approximate “ballpark” ACC area. Conclusions might differ when a more precisely determined region is considered. Therefore, Simon et al. (2014) decided to re-analyze the data to address these issues. Based on independent studies they first determined an a priori specified ACC region that showed most specific conflict- and error-related activation in previous research (e.g., Klein et al. 2007). Average activation in this region when solving the conflict and control problems was calculated for all conservers and non-conservers. In addition, a liberal statistical threshold was used (p = .05 without correction for multiple comparisons) which helped to guarantee that there was sufficient statistical power to detect even very weak effects. 
Results showed that the ACC activation clearly increased when contrasting activation during solving of conflict vs. control problems. This established that participants were sensitive to the intrinsic conflict (i.e., between the erroneous visuospatial intuition and correct response) when solving conflict problems. The key finding was that the ACC activation on the conflict problems did not differ in the group of conservers and non-conservers. Children who solved conflict problems correctly and children who erred showed a similar ACC activation boost. Hence, in convergence with the behavioral findings this result indicated that although non-conservers are biased by their intuition and fail to solve the conservation task correctly, they do detect the questionable nature of their answer. 
4 Conclusion, potential implications, and further directions
The review of our behavioral and neuroimaging findings suggests that non-conserving children are detecting their number conservation error. Although they fail to provide a correct conservation response and fall prey to the length-equals-number intuition, their decreased response confidence and ACC activation indicate that they at least detect that their response is not warranted. In general, these data directly argue against the classic Piagetian characterization of the non-conserving child as an illogical reasoner who is bound to rely on mere visuospatial intuitions. If non-conservers did not have some elementary understanding of the conservation principle they should have no reason to doubt their answer. The findings further imply that in recent inhibitory accounts that stipulate that cognitive errors result from a failure to inhibit biasing intuitions, the inhibition failure should be conceived as a failure to complete the inhibition process rather than as a failure to detect that inhibition is required. 
Clearly, although it is important to know that one is being biased and that inhibition is required, in and by itself this knowledge does not guarantee that the inhibition will also succeed. Bluntly put, as many smokers will attest, knowing that something is bad for you does not suffice to refrain from doing it. Hence, one might note that the fact that the need to inhibit is detected underscores the key role of the inhibition (i.e., blocking or resistance) process. In this respect our findings support the central role of inhibitory processing for human judgment and cognition that has been put forward by influential inhibitory accounts (e.g., Bjorklund and Harnishfeger 1990; Dempster and Brainerd 1995; Houdé 1997, 2007; Klaczynski et al. 2001; Reyna et al. 2003; Stavy and Babai 2010). However, one needs to bear in mind that the studies that we reviewed here did not examine the inhibition process per se. Our point is simply that the successful nature of the conflict detection process lends credence to the role of an inhibitory process. The precise conceptualization of the inhibition process per se is open to different interpretations. For example, one might note that different types of inhibition can be distinguished (Friedman and Miyake 2004; Miyake and Friedman 2012; Munkata et al. 2011; Nigg 2000). One popular distinction is between behavioral inhibition and cognitive inhibition (Harnisfegher 1995; Nigg 2000; see Friedman and Miyake 2004 for discussion). Behavioral inhibition controls behavior and is reflected in such processes as inhibiting motor responses. Cognitive inhibition controls mental processes and is reflected in suppressing unwanted thoughts from working memory. Inhibition in a number conservation task might involve cognitive and/or behavioral inhibition. Do you need to suppress the belief that the row is longer in working memory, the motor response to say “longer,” or both? The conflict detection work that we reviewed here did not address this issue. Future inhibitory processing studies will need to specify the nature of this process in more detail. 
It is also important to keep in mind that inhibitory or conflict detection skills are not the only factors that will affect performance on a number conservation task. Clearly, maturation of the visuospatial system will also play a role. For example, Piaget stressed that mastering the reversibility of operations (i.e., being able to mentally eliminate movement from A to B by movement from B to A) is paramount to grasping conservation. Evidence suggests that this reversibility component relies on a visuospatial simulation process whereby one needs to mentally imagine a shortening of the row that was lengthened (Borst and Kosslyn 2008; Kosslyn et al. 2006). Consistent with this idea, Borst et al. (2013) recently observed that visuospatial imaging abilities were associated with the time needed to give a response on a number conservation task, for example. However, at the same time this visuospatial ability does not suffice to respond correctly. Even when one masters reversibility, the length-equals-number heuristic will still need to be inhibited (Borst et al. 2013). In sum, it should be clear that our claims with respect to the importance of inhibitory processing in number conservation do not downplay the role of other factors. In and by itself, having sufficient inhibitory processing skills will not suffice to succeed in conservation tasks. Our point here is simply that inhibitory processing is a key necessary condition for such success. 

De Neys et al. (2014) stressed that it can be interesting to link the work on number conservation to research on bias detection during logical and probabilistic thinking in the reasoning and decision-making field. Classic studies on reasoning and decision-making have long established that people’s inferences are often biased by prior beliefs and stereotypical intuitions (e.g., Evans 2010; Kahneman and Tversky 1973). Consider the following example of a classic task from Kahneman and Tversky’s influential work:

A psychologist wrote thumbnail descriptions of a sample of 1000 participants consisting of 5 engineers and 995 lawyers. The description below was drawn randomly from the 1000 available descriptions. 

Jack is 45 and has four children. He shows no interest in political and social issues and is generally conservative. He likes sailing and mathematical puzzles.
What is most likely?

a. Jack is a lawyer.

b. Jack is an engineer.

Intuitively, many people will be tempted to conclude that Jack is an engineer based on stereotypical beliefs cued by the description. However, given that there are far more lawyers than engineers in the sample (i.e., 995 out of 1000) the statistical base-rates favor the conclusion that a randomly drawn individual will most likely be a lawyer. Hence, logically speaking, taking the base-rate into account should push the scale to the “lawyer” side. Unfortunately, just as most preschoolers in a number conservation task, most adults are typically tricked by their intuition and fail to solve this problem correctly (e.g., De Neys and Bonnefon 2013).


In line with the present findings, it has been claimed that reasoners also detect the biased nature of their intuitive logical and probabilistic judgments (e.g., De Neys 2014; De Neys and Bonnefon 2013; De Neys et al. 2013). For example, when solving the above base-rate task, biased adults have also been shown to demonstrate a confidence decrease (e.g., De Neys et al. 2011) and ACC activation boost (e.g., De Neys et al. 2008). However, developmental studies have suggested that this bias detection during logical and probabilistic reasoning is only observed after the onset of adolescence (i.e., by the end of elementary school) (e.g., De Neys et al. 2011; De Neys and Feremans 2013). This developmental pattern has been linked to the late maturation of the ACC, our critical brain structure that is supposed to be mediating conflict and error detection, which is known to only achieve full functionality over the adolescent years (e.g., Davies et al. 2004; Fitzgerald et al. 2010; Santesso and Segalowitz 2008). In this light the established successful number conservation error detection at the preschool age might seem somewhat surprising. However, it will be clear that number conservation and logical reasoning entail two different domains of logico-mathematical development (Houdé 2000). Findings might not necessarily generalize from one domain to the other. In addition, as De Neys et al. (2014; see also De Neys 2013) noted, it should be clear that a less developed ACC does not imply a lack of all conflict detection. Indeed, basic error monitoring studies have shown that even three-year-olds can detect errors in simple tasks that do not cue a strong intuitive response (Lyons and Ghetti 2011). Arguably, in comparison with logical and probabilistic reasoning tasks in which the cued intuitive response typically entails a semantic prior belief or stereotypical information, the critical physical transformation in conservation tasks might act as a cue that directs children’s attention and thereby facilitates monitoring. Hence, detection of intuitive bias in number conservation might be less demanding and occur at a younger age than in logical and probabilistic reasoning tasks.
In closing we would like to note that our work has potential future implications with respect to the design of educational intervention programs that could help children to de-bias their judgment. Existing general intervention programs aimed at reducing children’s and adults’ overreliance on intuitive impressions during reasoning have often focused on training participants’ inhibitory processing capacities (e.g., Babai et al. 2015; Houdé 2007; Lubin et al. 2012; Moutier 2000). The training program designed by Houdé and colleagues, for example, involves warning participants about the potentially misleading nature of our visuospatial intuitions (e.g., “we shouldn’t always trust what we see”) and uses simulation exercises to practice inhibiting erroneous responses. However, if younger children do not yet detect that their intuitive length-equals-number response is erroneous, such inhibition training will have less than optimal results in the case of number conservation. Clearly, any increase in inhibitory processing capacity per se is rather pointless if one is not able to determine whether or not it is needed to inhibit in the first place. Hence, our conservation error detection work is important to help determine which component an optimal intervention program needs to target. For example, the evidence for preschoolers’ conservation error sensitivity indicates that there is little point in running programs that focus on a familiarization and teaching of the conservation principle per se. Clearly, if the problem is not that children do not know the conservation principle, merely informing them about conservation will not be very helpful. Rather, a more promising approach seems to be to focus on training children’s capacities to override their erroneous visuospatial intuitions. The existing inhibitory training programs have been shown to be successful at reducing older children’s and adults’ overreliance on intuitive impressions during reasoning and decision-making (e.g., Houdé et al. 2000; Moutier 2000; see also Lubin et al. 2012 for applications in a school setting). Since the evidence reviewed here suggests that preschoolers can reliably distinguish between situations in which their visual impressions violate conservation or not, such inhibitory training programs might prove to be highly efficient to boost preschoolers’ conservation performance. 
For clarity, we would like to stress that some caution is needed when pointing to the potential applied implications of our basic research findings. The research line that we discussed here is fairly new. Results are based on a limited number of lab-based studies and the findings will need to be validated and generalized in future studies. In the same vein, we should stress that although our findings suggest that adjusting existing inhibitory programs to train number conservation might in theory be useful, such specific conservation training remains to be developed and its efficiency will need to be empirically validated. Bearing this in mind, however, we hope to have demonstrated that our work presents a promising approach that could have interesting implications for educational scientists and teachers interested in mathematics education. 
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