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ABSTRACT

We re-explored the relationship between new word learning and verbal short-term memory (STM) capacities, by distinguishing STM for serial order information, item recall and item recognition. STM capacities for order information were estimated via a serial order reconstruction task. A rhyme probe recognition task assessed STM for item recognition. Item recall capacities were derived from the proportion of item errors in an immediate serial recall task. In Experiment 1, strong correlations were observed between item recall and item recognition, but not between the item STM tasks and the serial order task, supporting recent theoretical positions that consider that STM for item and serial order rely on distinct capacities. Experiment 2 showed that only the serial order reconstruction task predicted independent variance in a paired associate word-nonword learning task. Our results suggest that STM capacities for serial order play a specific and causal role in learning new phonological information.
148 words
INTRODUCTION

Verbal short-term memory (STM) capacity is traditionally measured by immediate serial recall tasks requiring verbal recall of auditorily or visually presented digit, letter or word sequences and is strongly related to new word learning capacities. Although the instructions of these tasks appear to be quite simple, recalling lists of multiple verbal items is a very challenging task and involves many different cognitive processes that are far from being completely understood. In this study, we aim to enhance our understanding of these processes and how they interact with new word learning in adults. Specifically, we focus on one important aspect of verbal STM processing: the nature of the information that has to be stored and recalled. Indeed, in verbal STM tasks, at least two fundamentally different types of information have to be retained: (1) the phonological, lexical and semantic content of the verbal items (called item information) and (2) the order in which these items are presented (called serial order information). These two types of information are frequently confounded in studies on verbal STM, especially in those focussing on the interaction between verbal STM capacity and vocabulary knowledge or new word learning. However, their distinction may be fundamental for understanding verbal STM and its relationship to new word learning capacities. In this introduction, we will first consider how recent theoretical models of verbal STM implement recall or recognition of item and serial order information as well as the experimental data that support them. We will then turn to the focus of the present study, i.e. new word learning, and consider how STM for item recall, item recognition and serial order recall may be related to new word learning capacities.
A number of recent computational models of verbal STM in fact assume that the coding for serial order and the coding for item information in STM are at least partially distinct (e.g., Brown, Preece & Hulme, 2000; Burgess & Hitch, 1992, 1999; Gupta & MacWhinney 1997; Gupta, 2003; Lee & Estes, 1981; Henson, 1998). These models all contain some form of external signalling mechanism ensuring the encoding of serial order information, while the items on which this signalling mechanism operates are represented in a separate code. For example, in the model proposed by Burgess and Hitch (1999), serial order information is encoded via a system of context nodes and the fast-changing connection weights between these context nodes and item nodes in the lexical language network. The shifting patterns of activation in the context node system, changing for each item as a function of its moment of presentation, permit the storage and recovery of serial order information. A distinct set of fast-changing connection weights between the lexical item nodes and input and output phoneme nodes temporarily encode the lexical and phonological characteristics of item information. It should also be noted that these fast-changing weights between item and phoneme nodes are thought to play a specific role in item probe recognition (i.e., the judgment as to whether a probe item was in the most recent target list or not). By contrast, recall of item information is supposed to be less influenced by these short-term weights within the language network than by activation cues originating from the context nodes (which store serial order information) and by item selection processes directly implemented on the item nodes via a competitive queuing mechanism (i.e., the item with the highest net activation input is selected and the last selected item is inhibited). In summary, Burgess and Hitch (1999) assume that order recall and item recall are both determined by fast-changing connections between the context node and item nodes, whereas item probe recognition depends to a greater extent on fast-changing connection weights between item and phoneme nodes in the language network. It should however also be noted that other models of immediate serial recall assume that storage of serial order information is intrinsic to the activation level of the item representations themselves (e.g., Farrell & Lewandowsky, 2002, 2004). For example, Farrell and Lewandowsky (2002) showed that the serial order for item sequences can be represented within an auto-associative network in which successive items are encoded with decreasing associative strength and recalled items are suppressed. Page and Norris (1998) also proposed a similar primacy gradient governing the activation level of successive item representations for simulating the encoding of serial order information in immediate serial recall tasks. In this type of model, no external coding mechanism is needed to represent serial order information.


Empirical evidence supporting separate STM codes for item and serial order information has mostly been derived from studies exploring the impact of various parameters on order and item recall in immediate serial recall tasks. For example, Bjork and Healy (1974) observed that, for recall of four-letter sequences, the proportion of item errors (substitution of a target item by another acoustically similar item) was significantly above chance
 only when the retention interval was short and only for acoustically similar letter sequences. At the same time, the proportion of order errors was significantly greater than expected by chance at any retention interval, for both acoustically similar and dissimilar sequences. More recently, Fallon, Groves and Tehan (1999) used a similar decomposition of immediate serial recall performance as a function of item and order errors in an investigation of phonological similarity effects in recalling rhyming or non-rhyming words. They observed that item recall (i.e., the number of items recalled independently of correct serial position) was highest for rhyming lists while order accuracy (i.e., the number of items recalled in correct serial position as a proportion of items recalled regardless of position) was highest for non-rhyming lists (see also Nimmo & Roodenrys (2004) and Wickelgren (1965) for similar findings). Other studies have investigated the differential effects of verbal knowledge on item and order recall. For example, Saint-Aubin and Poirier (1999) showed that during immediate serial recall of words with varying degrees of semantic similarity and word frequency, only item recall was influenced by semantic similarity and lexical frequency. No effect of linguistic variables was observed for order recall. These data suggest that lexico-semantic knowledge stored in long-term memory mainly influences item recall, but much less order recall (see also Poirier & Saint-Aubin, 1996; Murdock, 1976; Saint-Aubin & Poirier, 2000).


Further evidence stems from studies that have dissociated STM for item and serial order information, by using tasks designed to specifically measure the retention of these two different types of information. For example, Henson, Hartley, Burgess, Hitch and Flude (2003) used serial order and item probe recognition tasks. The serial order probe recognition was similar to tasks previously used by Allport (1984) as well as Gathercole, Service, Hitch, Adams and Martin (1999) and comprised a sequential presentation of a list of letters, followed by the simultaneous presentation of a new list containing the same letters. If the second list differed from the original list, it was only by the inversion of two adjacent items. For the item probe recognition task, a list of letters was presented sequentially, and was followed by a single probe item that either was or was not part of the list. Henson et al. showed that articulatory suppression and the presence of irrelevant speech during the tasks had a greater detrimental effect on the serial order probe recognition task than on the item probe recognition task. Related findings were observed by Mc Elree and Dosher (1993), using a judgment of recency probe recognition task and an item probe recognition task, both for visually presented letter sequences. The authors showed that a slow, serial process characterized retrieval dynamics (as measured by a speed-accuracy trade off analysis of response accuracy and timing) during probe recognition for order information. On the other hand, retrieval dynamics for recognition of item information were characterized by a fast, parallel process (see also Murdock & Franklin (1984) for similar results). 

Finally, Nairne and Kelley (2004) recently adapted the process dissociation procedure developed by Jacoby (1991, 1998) in order to dissociate item and serial order recall in an immediate serial recall task. The process dissociation procedure had been originally devised to dissociate automatic and controlled processes in long-term memory retrieval; it assumes that both automatic and controlled processes contribute to performance and operate independently, just as might be the case for item and serial order information in short-term memory tasks. This procedure, which is comprised of two different recall conditions, was adapted by Nairne and Kelley (2004) in the following way: in the inclusion condition, tapping both item and serial order recall, participants were instructed to recall the items in correct serial position. Assuming independence between item and serial order recall, resulting performance should be the simple product of the probability of remembering the item (I) multiplied by the probability that its ordered position is remembered. In the exclusion condition, the participants were instructed to recall any item except the item that occurred in position X. The authors postulated that in the exclusion condition, the item that occurred in position X would be recalled (with probability I) only if its serial position had been forgotten (with probability 1-Or). The solving of the resulting equations (inclusion= I * Or; exclusion=I(1-Or)) provided estimates of item and order recall : I is the sum of performances in the inclusion and exclusion conditions; Or is obtained  by dividing inclusion performance by I. Using this procedure, Nairne and Kelley (2004) showed that these estimates of item and order recall globally replicated previous results that had been obtained by using item and order error decomposition (e.g., Fallon et al., 1999): the highest estimates for item recall were obtained for phonologically similar word lists while the highest estimates for order recall were observed for phonologically dissimilar word lists. Moreover, replicating previous results obtained by Saint-Aubin and Poirier (1999), estimates of item recall differed for semantically similar or dissimilar lists, but estimates of order recall were not different between these two word list conditions.
With respect to the specific focus of this study, i.e. the relationship between verbal STM capacities and new word learning, a number of models assume the existence of strong relationships between verbal STM capacity and learning of new phonological information. This is based on numerous empirical findings showing a strong association between performance on verbal STM tasks (e.g., immediate serial recall of words, nonword repetition) and vocabulary learning in both children and adults (e.g., Gathercole, Hitch, Service, & Martin, 1997; Gupta 2003; Papagno & Vallar, 1995). Baddeley, Gathercole and Papagno (1998) argued that temporary representation of a new word form in verbal STM is an obligatory step for creating more stable long-term phonological representations, via the updating of a set of fast- and slow- changing connection weights between verbal STM and the phonological network of language representations. If the temporary representation in verbal STM is more stable and precise, it is also more likely to be accurately refreshed and gradually transformed into a more permanent representation. However, we still know very little about the specific STM processes that are responsible for the association between verbal STM and new word learning capacities. With respect to some of the STM models presented above, we might ask whether it is specifically the capacity to retain serial order information or the capacity to maintain temporary activation of phonological item representations which underlies the link between verbal STM performance and new word learning. For example, Gupta (1997, 2003) proposed a STM model in which the relationship between verbal STM measures and new word learning is mainly related to the maintenance of sequence information in STM. His model is very similar to the model developed by Burgess and Hitch (1999). Similar to Burgess and Hitch, Gupta (2003) postulated the existence of a STM system solely dedicated to the storage of serial order information. This STM system is connected to a lexical system where familiar word forms are stored, and to a sublexical system where sublexical phonological information such as phonemes and syllables are represented. Regarding word learning, Gupta (2003) suggested that the probability of creating a stable representation in the word form system for a new word form will be greater when serial order information encoded in STM can accurately reactivate the corresponding phoneme sequence in the sublexical language network during the learning process.

The aim of the present study was to re-explore the relationship between verbal STM and new word learning capacities in adults, by distinguishing STM for serial order and item information. As we have seen, Gupta (2003) argued for a strong relationship between STM for serial order information and new word learning capacities. Although he made no predictions with respect to STM for item information,the ability to create stable temporary phonological item representations likely contributes to long-term learning of new phonological representations (as proposed by Baddeley et al., 1998). Furthermore, processes implicated in item recall and item recognition may vary in their relationship to phonological learning. For example, in the Burgess and Hitch (1999) model, item recall is determined by activation cues generated from the context node system and a competitive queuing mechanism between item representations, whereas item recognition is more dependent upon temporary activation of the phonological network itself. If temporary activation of the phonological network determines learning of new phonological representations, then item recognition tasks may provide a better estimate of this phonological activation than item recall. If this is the case, item recognition could be independently associated with new word learning performance, relative to item recall.
Experiment 1 is a validation experiment exploring the level of specificity of the different measures used in this study and which are supposed to reflect in a relative direct way STM for serial order, for item recall and for item recognition. With respect to the item / order distinction, we do not mean to imply that each STM task used here will be a perfectly “pure” measure reflecting retention capacities for one and only one type of information. Rather, we aimed to use STM tasks that maximized retention requirements for one type of information and minimized retention requirements for the other type of information. Experiment 2 then investigates the relationships between new word learning capacities and the different STM tasks. 
EXPERIMENT 1

RELATIONSHIPS BETWEEN STM FOR SERIAL ORDER, ITEM RECALL AND 

ITEM RECOGNITION
In order to maximize STM for serial order information while minimizing at the same time STM for item information, we used a serial order reconstruction task allowing us to re-present all item information at the moment of recall. Furthermore, in order to ensure that at the stage of encoding, item information was also highly familiar, the stimuli were digits sampled from a highly restricted pool. More precisely, auditory digit lists of increasing length were presented. The participants knew in advance which digits were to be presented. For 3-digit sequences, the lists were composed of {1,2,3}, for 4-digit sequences, the digits were {1, 2, 3, 4} etc. After each sequence was presented, the participant was given cards labelled with each of the presented digits, in numerical order, and asked to put them in the order in which they were presented. This task was very similar to a task used by Nairne (1990) for measuring the retention of serial order information in long-term memory tasks. Nairne showed that this task yielded similar U-shaped serial order position curves as standard immediate serial recall tasks. This task appears to be highly sensitive to serial order information and, relative to immediate serial recall, puts less demand on the retention of item information as all items are known in advance and represented at recall.


Two tasks were intended to maximize STM for item information. A first immediate serial recall task measured recall for both serial order and item information, but with a greater load on item information. In this task, word lists of increasing length were presented and the participants had to recall the words in their correct serial position. However, since the items were sampled from an open pool and were new on every trial, this task was likely to put greater demands on item than serial order recall. Recall performance was then broken down as a function of item and serial order errors to obtain estimates of item and serial recall performance, following similar procedures used in previous studies (e.g., Fallon et al., 1999; Saint-Aubin & Poirier, 1999). The second task was a rhyme probe task measuring item probe recognition.  In this task, auditory word sequences were presented, followed by a probe word. The participant was asked to judge whether the probe word shared the rhyme with one of the words in the target list. This task has been shown to specifically measure phonological retention capacities (e.g., Freedman & Martin, 2001; Majerus, Van der Linden, Poncelet & Metz-Lutz, 2004; Majerus, Van der Linden, & Renard, 2001; Martin, Shelton & Yaffee, 1994), without requiring explicit retention of serial order information.

In this validation experiment, we were interested in the correlation profiles between the different tasks and measures. If item and serial order STM are determined by distinct processes and capacities, then we should observe stronger correlations between tasks measuring STM for the same type of information (i.e. serial order reconstruction performance and serial order errors in the immediate serial recall task) than between tasks measuring distinct types of information (i.e., serial order reconstruction performance and item errors in the immediate serial recall task). Furthermore, if item recall and recognition measure distinct capacities, no strong correlations should be observed between these two measures.
Method

Participants

Fifty-nine native French-speaking undergraduates participated in this study. Their age ranged from 18 to 25 years (mean: 21.49 years). 

Materials and Procedure


Serial order reconstruction task. Material. Lists of three to nine digits were sampled from the digits 1-9. The digits were recorded by a female voice and stored on computer disk. They had a mean duration of 540 (SD: 139) ms. Procedure. The sequences were presented in ascending order, via headphones connected to a PC. In order to minimize requirements for item STM, item information was known in advance, as the digits for a sequence of length n were sampled without replacement from the n first numerals (i.e., lists of length 3 were sampled from the digits 1, 2 and 3; lists of length 4 were sampled from the digits 1, 2, 3 and 4). There were six trials for each sequence length. The digits were separated by a 500 ms inter-stimulus interval. 

The participants were told that they would be presented with sequences of length N containing the N first numerals. The experimenter activated the presentation of the different trials. At the end of each trial, the participants were given cards (size: 5x5 cm) on which the digits presented during the trial were printed in black font. The number of cards corresponded to the number of digits presented, and the cards were presented in numerical order. The participants were requested to put the cards in the order of presentation. When they had finished, the cards were removed and the next list was presented. When the list length increased, the participants were told that the subsequent lists would be longer and would employ an additional digit. We determined the proportion of correct responses over the 42 trials. 


Rhyme probe recognition task. Material. Lists of two to seven words were created. In order to maximize requirements for item STM, the words were sampled without replacement from an open set of 202 words. The words were of medium lexical frequency (mean frequency: 1060; range: 34-2901; Content, Mousty, & Radeau, 1990). The probe words also had a similar lexical frequency (mean: 1101; range: 174-2692). The different lists and probe words were recorded by a female human voice and stored on computer disk. The mean duration of the different stimuli was 753(SD: 162) ms. Procedure. The task was presented through headphones connected to a PC running E-Prime software. There were six trials for list lengths 2 and 3, and seven trials for list lengths 4-7. The different lists were presented in ascending order. The items within each list were separated by an inter-stimulus interval of 500 ms. For each list length, there were two negative probe trials and four (five for list lengths 4-7) positive probe trials. A greater number of matching probes was chosen because pilot data had shown that non-matching probes were very easily rejected, while the detection of matching items was much more difficult and yielded a greater variability in scores, thereby increasing the sensitivity of the task. For the words positively probed, one was in the primacy portion of the list (first item), one was in the recency portion of the list (last item), and the others were randomly distributed over the remaining positions of each list. The participants were instructed that they would hear lists of words, followed by a probe word; they were asked to judge whether the probe words rhymed with one of the words in the list or not. Before beginning the actual test, four practice trials were presented: each practice trial included the presentation of a single word followed either by a positive or negative probe. Before each trial, the words “new trial” appeared on the screen, followed by the presentation of the stimulus list. The end of each trial was signalled by a 500 ms pure tone, followed by the presentation of the probe word. After hearing the probe word, the participants pressed one of two keys marked either by green (for “yes”) or by red (for “no”). The participants were informed when the sequence length increased. The proportion of correct recognitions over the 40 trials was calculated.

Immediate serial recall of words. Material. Lists ranging from two to six words were created. The words were sampled without replacement from a set of 80 unisyllabic words with a simple CVC structure and a medium to high lexical frequency (greater than 500, according to the Brulex database; Content et al., 1990). The lists were recorded by the same female human voice and stored on computer disk. Using speech editing software, we ensured that the inter-stimulus interval between items within a list was 500 ms.

 Procedure. The lists were presented through headphones connected to a PC; list presentation was activated by the experimenter. The lists were presented in ascending order, with four trials for each list length. Participants were instructed to recall the items in their correct serial order. Responses were recorded on audiotape for later transcription and scoring. The proportion of items recalled in correct serial position over the 20 trials was calculated.

Vocabulary knowledge. In order to control for the influence of lexico-semantic knowledge on verbal short-term memory performance, we also administered a standardized vocabulary task (EVIP, Dunn, Thériault-Whalen, & Dunn, 1993). This task is the French adaptation of the Peabody Picture Vocabulary Test (Dunn & Dunn, 1981).

Order of task administration. The order in which the different tasks were administered was randomized
.

Results and discussion


Descriptive statistics are shown in Table 1. In order to facilitate between-task comparisons and to avoid scaling effects in the subsequent correlation analyses, raw scores were converted into proportions of the maximum possible score for each task. As can be seen in Table 1, level of difficulty was fairly balanced across the serial order and item STM tasks. In the following correlation analyses, we used unilateral p-thresholds with further Bonferroni corrections when comparing multiple simple correlations. Standard uncorrected bilateral p-thresholds were used when reporting partial correlations.
< INSERT TABLE 1 ABOUT HERE >

Correlations between the different STM measures


As reported in Table 2, we observed significant correlations between the immediate serial recall task and both the serial order reconstruction and the rhyme probe tasks. 
The rhyme probe task and the serial order reconstruction task also correlated significantly, although only marginally. When partialling out the contribution of general vocabulary knowledge, the correlation between the rhyme probe task and the serial order reconstruction task was no more significant (see Table 2). However, the partial correlation between immediate serial recall and both the serial order reconstruction and rhyme probe tasks remained significant. 
Although the correlation between the rhyme probe task and the serial order reconstruction task was only marginally significant and was at least partially mediated by vocabulary knowledge, the weak association between both tasks nevertheless raises the question whether both tasks measure other shared processes. It may be the case that participants use serial scanning processes to determine whether the probe word rhymes with one of the words in the list. Following previous studies (e.g., Henson et al., 2003), probe recognition that necessitates serial scanning of the target list is associated with monotonic increases in response times and decreases in accuracy, as a function of serial position. In order to determine whether performance on the rhyme probe recognition task was influenced by serial scanning processes, we conducted a first ANOVA on mean reaction times for button press responses on all positive trials. In order to increase sensitivity of this analysis, the different trials were pooled together. As they were of different sequence length, we classified the different serial positions in three serial position zones: recency position (first serial position), primacy position (last serial position), middle of list position (all positions between recency and primacy zones). A repeated-measures ANOVA on mean reaction times for the three serial position zones showed a main effect of serial position, F(2,116)=47.90, MSE=318360, p<.0001. Tukey post-hoc comparisons showed no significant difference between primacy and middle-of-list positions, M1=3171, M2=3399, but a significant difference between middle-of-list and recency positions, M3=2427, p<.001. Similar results were obtained for accuracy as a function of the position of the probed item. A main effect of serial position was obtained for accuracy, F(2,116)=37.98, MSE=.01, p<.0001; however only the difference between recency and middle-of-list positions was significant, M3=.97, M2= .80 (p<.001, Tukey post-hoc comparisons). No primacy effect was observed (M1=.84). Thus no strong evidence for serial scanning processes was observed, with only recency affecting performance, as has been observed in other item probe recognition tasks. Furthermore, recency was accompanied by reduced reaction times and increased accuracy, while the opposite results have been observed in probe recognition tasks requiring serial scanning or rehearsal (e.g., Henson et al., 2003) (see further discussion below). 
< INSERT TABLE 2 ABOUT HERE >

Finally, in order to establish the specificity of the correlations between the immediate serial recall task and the serial order reconstruction and the rhyme probe tasks, we performed partial correlations. When partialling out the contribution of processes shared with the rhyme probe task, the correlation between the serial order reconstruction task and immediate serial recall was no longer significant, r=.21, n.s. However, the correlation between the rhyme probe task and immediate serial recall remained significant, after partialling out the contribution of the serial order reconstruction task, r=.37, p<.001. 
Decomposition of the immediate serial recall task: item and order errors

In a next step, we analyzed performance on the immediate serial recall task in terms of error type. Raw error data are presented in Table 3. As could be expected, the highest error proportion (.21) was due to item errors (mostly omissions, and less frequently extra-list intrusions or intra-list repetitions). Order errors (i.e., number of order errors as a proportion of number of items recalled regardless of correct serial position) were much less frequent (proportion: .06). 
< INSERT TABLE 3 ABOUT HERE >

According to our hypotheses, if item recall and item recognition measure distinct components, strong correlations should not be observed between these two measures. On the other hand, serial order errors and performance on the serial order reconstruction task should correlate. Given the small number of order errors observed in the immediate serial recall tasks, correlations with order errors were limited to those participants showing a significant number of order errors (2(1)= 4.08, p<.05 for a proportion of at least .04 order errors). As shown in Table 4, the rhyme probe task but not the serial order reconstruction showed a negative correlation with the proportion of item errors, whereas the opposite pattern was observed for the proportion of order errors. These correlations remained significant after partialling out the contribution of general verbal knowledge: r= -.40, p<.001 for rhyme probe and item errors, r=-.42, p<.01, for serial order reconstruction and serial order errors.
< INSERT TABLE 4 ABOUT HERE >

The results demonstrate a strong relationship between the rhyme probe task and overall levels of recall on the immediate serial recall task, and a less strong and specific relationship between the serial order reconstruction task and overall recall performance on the immediate serial recall task. However, when considering item and order errors separately on the immediate serial recall task, a very specific pattern of correlations was observed : only the serial order reconstruction task correlated with the amount of order errors (for those participants that showed a significant proportion of order errors), whereas only the rhyme probe recognition task correlated with the proportion of item errors. This shows that as postulated, both tasks tap distinct processes: retention of serial order information for the serial order reconstruction task and retention of item information for the rhyme probe task. Furthermore, although the rhyme probe task and the serial order reconstruction task showed a modest correlation, demonstrating that they also share some common processes, these shared processes are not likely to be related to serial scanning or rehearsal processes. Indeed, accuracy and reaction time analyses of the rhyme probe task showed only the presence of a recency effect, without evidence for a linear relationship between serial position and accuracy or response times as would be expected for serial scanning or rehearsal in probe recognition tasks. Similarly, McElree and Dosher (1989, 1993) observed a strong advantage for items in end positions of an item probe recognition task but no difference in performance between pre-recency serial positions. On the other hand, Henson et al. (2003) showed that for serial order probe recognition tasks in several experiments, accuracy generally decreases and reaction times increase for final positions, with a clear linear relationship between serial position and response accuracy or response time. 

The low correlation between the serial order reconstruction task and overall levels of recall in the immediate serial recall task is most likely related to the fact that the immediate serial recall task used here maximizes requirements for item retention and recall, but not for serial order recall, as supported by the low proportion of serial order errors. This is what we would expect from an immediate serial recall where the items are sampled from an open list with no replacement and are thus new on every trial. On the other hand, the very strong and specific correlation between the proportion of serial order errors in the immediate serial recall task (for those participants who presented a significant proportion of serial order errors) and the serial order reconstruction task validates the latter task as a specific measure of serial order retention capacities. However, the serial order reconstruction task is certainly a more sensitive measure of serial order retention capacities than our immediate serial recall task as the only possible errors were serial order errors; for the immediate serial recall task, the size of the proportion of order errors was negligible relative to the proportion of item errors. Nevertheless, the serial order reconstruction task is probably not a perfectly pure measure of serial order retention and recall. Indeed, Neath (1997) showed that tasks designed to measure retention of serial order information were also sensitive to variables thought to influence item recall such as concreteness. He showed better serial order reconstruction for lists of concrete words than for lists of abstract words, despite the fact that items were made available at the moment of recall, using a procedure similar to that used in the current study. Thus such a thing as a pure serial order or item STM task likely does not exist. However, the purpose of our study was not to design process-pure STM tasks, but rather, tasks that maximize explicit retention requirements for one type of information while minimizing explicit retention requirements for the other type of information. The pattern and direction of the obtained results suggests that this was the case: strong and consistent correlations were obtained for measures supposed to reflect primarily one type of information but much less consistent correlations were observed between tasks supposed to maximize measurement of STM capacity for different types of information. A final comment applies to the correlations observed between item recall and item recognition. Although, on the basis of the implementation of item recall and item recognition in the Burgess and Hitch model (1999), we had predicted a weak correlation between these two measures, we observed a strong correlation, suggesting that both measures reflect some common components. We can rule out general vocabulary knowledge and STM for serial order as mediating this correlation. A possible explanation is that both measures reflect temporary storage capacities of phonological information. If both measures reflect only common mechanisms for storing phonological item information, then they should also show similar correlation profiles with new word learning, as will be explored in the next experiment.
EXPERIMENT 2

THE RELATIONSHIP BETWEEN NEW WORD LEARNING, 
SERIAL ORDER RECALL, ITEM RECALL 
AND ITEM RECOGNITION
A substantial number of studies have shown that verbal STM capacity, as measured by digit span or nonword repetition, is strongly associated with vocabulary knowledge and new word learning in children and adolescents (e.g., Gathercole & Baddeley, 1989, 1990; Gathercole et al., 1997, 1999; Gathercole, Willis, Emslie, & Baddeley, 1992; Michas & Henry, 1994; Gupta 2003; Papagno & Vallar, 1995). In the light of the present theoretical context, the question that arises is whether the association between lexical learning and verbal STM is best explained by the involvement of item or serial order STM components or both. Nonword repetition and digit span tasks indeed measure the retention of both item and serial order information; digit span requires the short-term maintenance and reproduction of sequences of digit items and the nonword repetition tasks require short-term maintenance and reproduction of sequences of phonemes. Gathercole, Pickering, Hall and Peaker (2001) showed that in adolescents, an association between vocabulary knowledge and verbal STM was observed when a nonword serial order probe recognition task was used to measure STM capacity. Although the study by Gathercole et al. (2001) was not intended to dissociate item and serial order STM, the task used by Gathercole et al. appears to primarily measure serial order retention capacities.


In the current experiment, we investigated whether STM for serial order and item information are independently associated with new word learning. The participants and the STM measures were the same as those of Experiment 1. The serial order reconstruction measure was used as a measure of recall of serial order information. The rhyme probe task assessed capacities for short-term item recognition; the proportion of item errors in the immediate serial recall measure served as an estimate for short-term item recall capacities. Due to the very low rate of serial order errors observed in the immediate serial recall measure of Experiment 1, the order error measure was not used in the analyses reported in Experiment 2. For new word learning, a paired associate word-nonword learning task was administered, following the same list-learning procedure as had been used in previous studies investigating the relationship between verbal STM and new word learning (Papagno & Vallar, 1995; Service & Craik, 1993). In order to increase demands on phonological learning, we ensured that the nonwords were bisyllabic and had no resemblance to existing familiar French words. Pilot testing showed that learning these nonwords was rather difficult; therefore we chose to use only four word-nonword pairs in order to ensure reasonable learning success over relatively few presentations (i.e. five learning trials). If we had used more word-nonword pairs, we would have needed to increase the number of learning trials considerably; in which case we would run the later risk of subjects confounding the learning of new information with the maintenance and consolidation of already learned nonwords. As verbal STM is most likely implicated in the initial stages of word learning rather than in long-term maintenance and consolidation, we decided to keep the number of learning trials relatively small.
Method

Participants

The participants were the same as in Experiment 1

Materials
Four word-nonword pairs were constructed. The cue words were all bisyllabic: “médecine” (medicine), “beau-frère” (brother-in-law), “machine” (machine), “donner” (to give). They were randomly paired with the following four nonwords which each contained two successive CVC syllables: /divfak/, /FDzkCl/, /kNksRs/, /mastSs/. In order to avoid floor effects, only diphones that were frequent in French phonology were selected when creating the nonwords. Mean diphone frequency was 1005 occurrences per 152376 diphones (range: 192-2180), according to the database of French phonology by Tubach and Boë (1990). 


In order to control for general processes involved in learning bindings between two items, a paired associate word-word learning condition was also administered. The cue words were “déplaire” (to not like), “tartine” (piece of bread and butter), “chambre” (room), “chercher” (search). They were randomly paired with the following target words: “dispute” (quarrel), “déclic” (trigger), “microbe” (germ), “lecture” (reading). The phonological structure of the target words (CVCCVC) was identical to that of the nonwords. 
Procedure

The four pairs were presented orally by the experimenter. After the presentation of the four word-nonword/word pairs, the experimenter successively read aloud each of the four cue words in random order. After each cue-word, the participant was requested to repeat the corresponding nonword/word. No feedback was given. Then the complete list of word-nonword/word pairs was re-presented in a different order, followed by a new cued recall session. This procedure was repeated five times. An entirely correct response was assigned one point. For the nonwords, a response where only one of the two CVC syllables was correctly recalled was credited half a point. The final score represented the total number of points for the five cued recall trials divided by the maximum possible score (=20). Half of the participants received the word-word learning condition first, followed by the word-nonword learning condition, whereas the reverse order of presentation was used for the other half of the participants. There was a short break of 10 minutes between the two learning conditions. 
Results and discussion

Correlations between item and serial order STM measures and nonword learning

The mean score was .53 (range: .15-.85) for paired associated word-nonword learning and .83 (SD= .35-1) for paired associate word-word learning. As expected, performance was higher for the word-word paired associate learning condition than for the word-nonword learning condition. However participants presented a wide performance range without attaining ceiling levels (only two participants recalled all four pairs correctly at the first recall session). 
Both the serial order reconstruction task and the proportion of item errors in the immediate serial recall task, but not the rhyme probe recognition task, correlated significantly with nonword learning (Table 5). These correlations were specific to learning unfamiliar phonological information as there was no corresponding correlation between the different STM measures and paired-associate word-word learning. Furthermore, the relationship between the serial order reconstruction measure and nonword learning remained significant after partialling out the item error measure of the immediate serial recall task, r=.45, p<.0001. On the other hand, the partial correlation between the proportion of item errors in the immediate serial recall task and nonword learning was no longer significant, after controlling for the variance shared with the serial order reconstruction task, r=-.24, n.s. We also determined whether the relationship between the different STM measures and nonword learning was influenced by general verbal knowledge: the partial correlation between the serial order reconstruction task and nonword learning was significant after partialling out vocabulary knowledge, r=.44, p<.0001. Similarly, the correlation between the proportion of item errors in the immediate serial recall task and nonword learning remained significant, although only marginally, after controlling for vocabulary knowledge, r=.-27, p=.04. 
< INSERT TABLE 5 ABOUT HERE >

Multiple regression analysis for item STM, order STM and nonword learning


Finally, using multiple regression analysis, we determined which measure was the strongest predictor of nonword learning. When introducing successively the rhyme probe, the item error and the serial order reconstruction measures, only the serial order reconstruction measure emerged as a strong and independent predictor of nonword learning capacities (see Table 6). The serial order reconstruction task accounted for 17% of independent variance in nonword learning scores and for 24% of total variance.
< INSERT TABLE 6 ABOUT HERE >


The results of Experiment 2 show that only the serial order reconstruction task is an independent predictor of phonological learning capacities. Capacities involved in item recognition do not seem to be related to phonological learning, whereas capacities involved in item recall are associated with nonword learning; nevertheless, given that the association disappears after controlling for processes shared by both the serial order reconstruction and item error recall measures, the relationship between item recall and nonword learning appears to be relatively weak and non-specific. These results are consistent with Gupta’s model of verbal STM, which argues for a strong relationship between serial order storage capacities and the learning of new phonological information.
However, it may also appear surprising that the tasks measuring either item recall or recognition for phonological information were either not at all or not specifically associated with nonword learning, given that previous studies showed very consistent correlations between so-called phonological STM tasks and new word learning in both adults and children (Gupta, 2003; Gathercole et al., 1997). A possible explanation is that it is not the temporary retention capacities for phonological information per se, but rather, the serial order STM component recruited by most phonological STM measures in previous studies that explains the link observed between these tasks and vocabulary development. Indeed, the phonological STM tasks used in previous studies, such as nonword repetition, serial nonword recognition and digit span all require the maintenance of serial order information (e.g., Gathercole et al., 1992, 1997, 1999, 2001). By contrast, the phonological item measures used in the present experiment (rhyme recognition and item errors in an immediate serial recall task) minimized the influence of serial order retention capacities as much as possible. However, the present results only apply to the adult sample we studied and will need to be reproduced in children. The balance between item and serial order STM capacities in new word learning may well be different in young children relative to adults.
GENERAL DISCUSSION

This study explored the relationships between new word learning and STM tasks designed to maximize retention requirements for either serial order, item recall or item recognition in healthy adults. In Experiment 1, we observed that performance on a serial order reconstruction task correlates significantly and specifically with the proportion of order errors in an immediate serial recall task, but not with the proportion of item errors in the same immediate serial task. The same item error measure however correlated significantly with performance on an item probe recognition task. In Experiment 2, only the serial order reconstruction task presented a specific and strong correlation with performance on a paired associate word-nonword learning. Proportion of item errors in the immediate serial recall was weakly associated with nonword learning while performance on the item probe recognition task did not correlate at all with nonword learning. Even though none of the experimental tasks can be considered as a perfectly “pure” item or serial order STM task, the global profile of results obtained in Experiments 1 and 2 nevertheless suggests that STM capacities for serial order information and for item information can be dissociated and are differentially related to the learning of new phonological information. The predicted dissociation between STM capacities for item recall and item recognition was weakly supported, as only item recall and not item recognition performances correlated with performance on the paired associate word-nonword learning task. However, this correlation was not specific as the partial correlation between item recall and nonword learning was not significant after controlling for processes shared with the serial order reconstruction task. In the future, it would also be interesting to reproduce these data by using different methods to estimate item and serial order recall, such as for example the process dissociation procedure proposed by Nairne and Kelley (2004).
Implications for empirical measures of STM as a predictor of phonological learning 
Traditional STM measures, such as immediate serial recall of word or letter sequences or nonword repetition, are comprehensive measures of verbal STM, as these tasks tap both serial order and item STM processes (although to varying degrees, depending on the type of item sets – closed or open – that are used), and thus provide an index of both STM capacities. In addition, immediate serial recall tasks do not only reflect serial order and item short-term retention capacities, but also some task-specific processes, such as item redintegration processes during recall, i.e. the reconstruction of decaying item STM traces by lexical and semantic knowledge (e.g., Hulme, Maughan & Brown, 1991; Saint-Aubin & Poirier, 1999; Schweickert, 1993). Similar comments are pertinent for the nonword repetition task, which has been very widely used in developmental studies (Gathercole et al., 1992, 1997). In nonword repetition tasks, the phonemes of the nonword as well as the ordering of these phonemes within the nonword have to be retained and thus both item and serial STM capacities probably contribute to repetition performance. Given that sublexical and lexical phonological knowledge also support recall performance in these tasks, as evidenced by better recall for nonwords with high phonotactic frequency patterns or with a high wordlikeness rating (Gathercole, Frankish, Pickering, & Peaker, 1999; Majerus & Van der Linden, 2003; Majerus, Van der Linden, Mulder, Meulemans, & Peters, 2004), it becomes quite clear that these widely used verbal STM measures are indeed multi-determined with respect to their underlying cognitive processes and resources. Although when using these tasks, it is more likely to obtain a significant correlation between verbal STM measures and the acquisition of new word forms, the interpretation of the resulting correlation might be very difficult. 
The current study shows that a better understanding of the relationship between STM and learning of new word form information can be achieved by carefully dissecting STM tasks with respect to their item and serial order components. At least for adults, our results suggest that it is the capacity to retain serial order information, independently of item STM or redintegration capacities, that determines one’s ability to rapidly acquire new phonological representations. This kind of decomposition of STM capacities could also be helpful for tackling yet unresolved questions in the developmental literature with respect to the relationship between verbal STM and vocabulary knowledge in children. Although there is a very consistent association between verbal STM capacity (as measured by nonword repetition or digit/word span) and vocabulary knowledge in young children (e.g., Avons, Wragg, Cupples, & Lovegrove, 1998; Gathercole & Baddeley, 1989, 1990, 1993; Gathercole, Willis, & Baddeley, 1991), there is still controversy whether this association is simply the result of a general phonological processing factor shared by both vocabulary and STM (e.g., Bowey, 1996) or whether verbal STM capacity is an independent causal factor of vocabulary development. If we can show that STM measures which minimize processing and retention for phonological item information and maximize serial order retention requirements correlate with vocabulary development in young children, then we would have further evidence for the existence of a causal connection between verbal STM capacity and vocabulary knowledge. Indeed, processing of verbal item information in STM will be facilitated if underlying phonological and lexical language representations are more rich, frequent and precise. On the other hand, it is hard to imagine how performance on serial order STM tasks (which minimize processing requirements for item information) could be influenced by vocabulary knowledge. We have recently obtained results that support this suggestion: children aged 4 or 6 years show stronger associations between a serial order reconstruction task and vocabulary knowledge than between nonword repetition and vocabulary knowledge (Majerus, Poncelet, Greffe, & Van der Linden, 2005). 
Implications for theoretical models of verbal STM and phonological learning
Our data strongly support recent STM models that assume a causal connection between serial order retention capacities and learning of new phonological information. As we have seen, the models of Burgess and Hitch (1999), Gupta and MacWhinney (1997) and Gupta (2003) are most explicit in this regard, although it remains to be seen whether their proposed models are able to simulate the transition from temporary STM traces to more stable long-term memory representations (see for example, Cumming, Page & Norris, 2003, for a critical appraisal). By assuming the existence of a specific STM component connected to lexical (Burgess & Hitch, 1999) and phonemic (Gupta, 2003) language representations via both temporary, fast-changing and more permanent, slow-changing connections weights implicated in long-term learning, these models provide mechanisms that may be able to account for the relationship between STM capacities and new word learning. Most interestingly, the present data support the proposed association between serial order STM capacities and the learning of new phoneme strings, which is a central claim of these models. However, as we have seen, these models provide no explicit assumptions with respect to the question whether the networks and processes involved in item recall or recognition are also related to phonological learning. Our data suggest that there may not be a specific role for these item STM processes in phonological learning, except for the weak implication of processes involved in item recall. At the same time, the correlation we observed between item recall and new word learning was likely unspecific as it disappeared when we controlled for the variance shared with the serial order reconstruction task. This is in line with Burgess and Hitch’s (1999) model of immediate serial recall assuming that item recall partially relies on the same STM component as serial order recall, namely the context node system which encodes serial order information and cues item information. Nevertheless, other results of this study did not fully support this model of item recall: the direct correlation between item recall and the serial order reconstruction task was only significant at uncorrected P thresholds, whereas the correlation between item recognition performance and item recall was much stronger, despite the fact that the Burgess and Hitch (1999) model would predict a dissociation between both tasks. Our data lead us to believe that item recognition, as well as item recall, depends on temporary activation and decay of the phonological language network (as modelled by Burgess and Hitch). But these temporary activation and decay properties of phonological representations do not seem to play a role in learning new phonological information.
In conclusion, the present results suggest that tasks designed to maximize retention of either serial order or item information might reflect the intervention of distinct, although probably not entirely independent STM processes and codes. Most interestingly, only the STM tasks maximizing retention of serial order information show strong correlations with new word learning capacities in adults. In future studies, a more explicit separation of item recall, item recognition and serial order STM components could shed light on the complex relationship that exists between traditional verbal STM measures, such as immediate serial recall of word lists or nonword repetition and the development of native vocabulary knowledge in children or the acquisition of a second language vocabulary in children and adults. 
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Table 1

Descriptive statistics for the different measures used in Experiment 1. Results for each measure are expressed in % correct.

	
	Mean
	   SD

	Serial order reconstruction
	85.10
	  6.78

	Rhyme probe
	88.14
	  5.51

	Word immediate serial recall
	74.46
	  8.60


Table 2
Correlations between the different experimental STM measures. The first column reports simple correlations and the second column reports partial correlations (after control of vocabulary knowledge).
	
	Rhyme probe

    r                            rpartial
	Immediate serial recall

   r                             rpartial

	Serial order reconstruction 
	 .280 (p=.014)      .227 (p>.05)
	.301 (p=.010)     .264 (p=.040)

	Rhyme probe
	
	.423 (p=.001)     .391 (p=.002)


Threshold for significance for simple correlations after Bonferroni corrections for multiple comparisons: p= .016; threshold for significance for partial correlations: p=.05; significant correlations at the chosen threshold are highlighted in bold
Table 3
Proportion of item and order errors for the immediate serial recall task.
	
	Error proportions
(means and standard deviations)

	ITEM
	

	  Omissions 
	        .19     .075

	  Intrusions
	        .02     .029

	  Repetitions
	        .01     .006

	          Total
	.21     .073

	
	

	ORDER
	.06     .038


Table 4
Simple correlations between item and order errors in the immediate serial recall (ISR) task and the serial order reconstruction and rhyme probe tasks.
	
	Word ISR: item errors
   r          puncorrected
	Word ISR: order errors *
   r          puncorrected

	Serial order reconstruction
	-.216     .050
	-.443     .001

	Rhyme probe
	-.426     .001
	-.062     n.s.


Bonferroni threshold for significance: p= .012

* Note: this analysis has been limited to those participants (N=40) presenting a significant proportion of order errors (2(1)= 4.08, p<.05 for a proportion of at least .04 order errors).
Table 5
Correlations between item and order STM measures and nonword learning

	
	Nonword learning

   r      puncorrected
	Word-word learning

   r      puncorrected

	Serial order reconstruction
	.489     .001
	.133     n.s.

	Rhyme probe
	.240     .033.
	.027     n.s.

	Item errors (ISR)
	-.310    .008.
	.042     n.s.


Bonferroni threshold for significance: p= .008
Table 6
Multiple regression analyses predicting nonword learning by serial order and item STM measures 

	Variables introduced
	R2
	p
	F 
	p
	dl

	1.Rhyme probe
	.06
	n.s.
	3.49
	n.s.
	1,57

	    2. Item errors (ISR)
	.05
	n.s.
	3.48
	<.05
	2,56

	        3. Serial order reconstruction
	.15
	<.0001
	7.25
	<.0001
	3,55

	
	
	
	
	
	


� Since there was a total stimulus set of 12 letters divided in four subsets of 3 letters (two confusable sets : BPV and FSX ; two non-confusable sets : KMR and HLQ) and since four letters were presented on each trial, with two letters coming from the confusion sets (either from the same confusion set for acoustically similar sequences or one letter from each of the two confusion sets for acoustically dissimilar sequences) and two from the non-confusable sets, Bjork and Healy (1974) estimated the chance probability of confusion errors at the item level at 2/12=.17, and the chance probability of order errors at 3/12=.25. 


� Additional serial order probe recognition and semantic item probe recognition tasks had also been administered in the same experimental session. However, for the sake of parsimony, results from these tasks are not reported here. They can be obtained by contacting the first author of this manuscript.
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