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Abstract 
Arvaniti, Ladd & Mennen (1998) reported a phenomenon of “segmental anchoring”: the 
beginning and end of a pitch movement are anchored to specific locations in segmental 
structure, while the slope and duration of the pitch movement vary according to the segmental 
material with which it is associated. This finding has more recently been replicated and 
extended in several languages. In a superficially attractive autosegmental interpretation of the 
phenomenon, the pitch movement is analysed as a sequence of tones which independently 
undergo “secondary association” to specific points in structure. However, recent empirical 
findings make such a phonological account less plausible, and suggest that some aspects of 
segmental anchoring need to be explained in terms of quantitative language-specific phonetic 
detail. Analogies to diphthong dynamics and to voice onset time, meanwhile, provide an 
impetus for detailed studies of the production and perception of pitch movements that may 
advance our understanding of segmental anchoring in general. 

1 Segmental anchoring: the basic finding 
In some intuitively clear way, F0 features such as tone and accent belong with specific 
elements of the segmental string: Chinese tones go with syllables (or possibly syllable 
rhymes), English pitch accents go with stressed syllables, Japanese word accents go with a 
specific mora, etc. This loose belonging together is known in the autosegmental phonological 
literature as “association”. However, it has been clear for some time that the precise temporal 
coordination or alignment of F0 events with segmental events is quite complex, and does not 
follow straightforwardly from the mere fact of association. For example, the peak of a pitch 
accent may be aligned outside (usually after) the stressed syllable with which it is intuitively 
associated. Various studies in the early 1990s (notably Silverman & Pierrehumbert, 1990, on 
English and Prieto, van Santen & Hirschberg, 1995, on Spanish) attempted to identify the 
interacting factors that contribute to the extent of this phenomenon of “peak delay”. Their 
principal finding was that an upcoming word boundary and/or an immediately following 
pitch accent (“stress clash”) can cause the peak to occur earlier; in effect, the peak can be 
“delayed” when the distance to the next prosodically relevant event is increased. About the 
same time, Caspers & van Heuven (1993) investigated the effect of “time pressure” on pitch 
movements in Dutch. They studied the alignment of rising and falling pitch movements with 
the associated accented syllable as they manipulated speech rate, phonological vowel length, 
and distance to the following pitch movement. They found a complex set of effects, 
apparently different for rises and falls, but did not arrive at any general principles governing 
the alignment of pitch movements with the associated segmental material. However, one of 
their key findings is relevant for this paper, namely that irrespective of the “time pressure” 
manipulations, the beginning of an accentual pitch rise in Dutch is aligned with the beginning 
of the accented syllable. The same was subsequently reported for Spanish by Prieto et al. 
(1995). 
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All of the studies just cited were based on the assumption that the duration of a pitch 
movement would be affected by the amount of time available for its completion, and for at 
least certain conditions they showed that this assumption is valid. However, it has since 
become clear that “time pressure” does not provide a comprehensive explanation of peak 
delay, and this is the topic of this paper. The line of research sketched here began with a 
study of the alignment of prenuclear rising pitch accents in Modern Greek (Arvaniti, Ladd & 
Mennen, 1998 [henceforth ALM]). ALM originally accepted the “time pressure” assumption, 
and already knew (Arvaniti & Ladd, 1995) that the beginning of the prenuclear rising pitch 
accent in Greek is aligned with the beginning of the syllable – as in Dutch and Spanish. In 
their first experiment they therefore varied the amount of time between one prenuclear rise 
and the next, assuming that this would affect peak delay. As it happened, however, their 
experimental manipulations did not seem to have any significant or consistent effect on peak 
delay, and they came to suspect that “time pressure” affects alignment only when it is 
extreme, e.g. when one pitch movement is immediately adjacent to another pitch movement, 
or to a prosodic boundary. Given enough distance – a couple of syllables – between pitch 
movements, “peak delay” does not seem to be controlled by the kinds of factors investigated 
in the studies just cited. In their subsequent experiments, ALM showed that if there is no 
strong “time pressure”, alignment is controlled by what we may call segmental anchoring. 
Specifically, they discovered that both the beginning and the end of pitch movements are 
consistently aligned in time with identifiable landmarks in the segmental string, such as 
specific segment boundaries or syllable boundaries. In the case of Greek, prenuclear rising 
accents begin at the end of the pretonic syllable and end early in the posttonic vowel, 
regardless of the distance between those points. This underlying alignment is what is 
modified by extreme “time pressure”.  
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Figure 1. Idealized diagrams of the segmental anchoring of the Greek prenuclear rise 
with different segmental material. In the left-hand panel the rise spans the short-
duration stretch [Dit] and in the right-hand panel it spans the longer sequence [|Emv], 
but the starting and ending F0 levels are the same in both cases. 

Among other things, ALM’s finding means that the duration of a pitch rise is almost entirely 
a function of the time interval between the two segmental landmarks – the end of the pretonic 
syllable and the beginning of the posttonic vowel. Moreover, the “scaling” (F0 level) of the 
beginning and the end of the rise is unaffected by its duration; longer rises do not have 
greater overall pitch excursions. This means that the slope of the rise also depends on the 
time interval between the two segmental landmarks. These findings are summarized in the 
idealized diagrams in Figure 1. As ALM point out, these findings are difficult to reconcile 
with earlier phonetic models of pitch contours (e.g. Fujisaki, 1983, ’t Hart, Collier & Cohen, 
1990, even Taylor, 2000, to some extent), which assume that slope and/or duration are the 
most appropriate ways of characterizing accent types. The existence of segmental anchoring 
clearly suggests that slope and duration are not the identifying characteristics of pitch 
movements, but rather that slope and duration depend on the scaling and alignment of “tonal 
targets”. The finding of segmental anchoring thus appears highly consistent with the 
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autosegmental interpretation of pitch movements as sequences of tones (L+H*, etc.): on this 
view, the individual tones would be anchored to specific places in structure. I return to this 
interpretation in section 4. 

2 Further developments and related findings  
Surprising though it was to many people, ALM’s finding of segmental anchoring has since 
been replicated for other languages and extended in various ways. These developments are 
summarized here; points are numbered for subsequent reference: 
i. Segmental anchoring under changes of speech rate in English (Ladd, Faulkner, Faulkner & 
Schepman, 1999). English rising prenuclear accents remain anchored to segmental landmarks 
regardless of speech rate: slope and duration are adjusted to keep the beginning and end of 
accentual F0 rises aligned with their respective segmental anchors as segment durations 
decrease or increase with rate. Caspers & van Heuven found a similar effect for Dutch in 
their study, though of course they did not interpret it in exactly these terms. 
ii. Effects of phonological vowel length (tenseness) on segmental anchoring in Dutch and 
English (Ladd, Mennen & Schepman, 2000). The beginning of prenuclear rising accents in 
both Dutch and English is aligned as in Greek, but the alignment of the end (i.e. peak) of the 
rise depends on whether the vowel is phonologically long or short (tense or lax): the peak 
accompanying a long vowel is late in the vowel, but that accompanying a short vowel is late 
in the following consonant. This is not merely a “time pressure” effect of segment duration, 
as was assumed by Caspers & van Heuven: Dutch “long” /i/ and “short” /I/ are essentially 
identical in phonetic duration and differ only in vowel quality; nevertheless, a difference in 
alignment is still found. Similar effects are found in English (Ladd, Schepman & White, work 
in progress), although the definition of phonological vowel length is less clear in many 
varieties of English than it is in Dutch. 
iii. Consistent alignment of between-accent F0 valleys in English (Ladd & Schepman, 2003; 
Dilley, Ladd & Schepman, in press). The F0 valley between accents is aligned with the 
beginning of the second accented syllable. This means that in potentially ambiguous phrases 
like Norma Nelson and Norman Elson, the alignment of the F0 valley is affected by the 
syllable membership of the ambiguous consonant. However, in keeping with idea that the 
valley and the peak are aligned independently, there is no significant effect of the consonant’s 
syllable membership on the alignment of the following accentual peak; accentual rises are 
shorter and steeper in syllables that begin with a vowel (Norman Elson) than in those that 
begin with a consonant (Norma Nelson). 
iv. Regularities in the alignment of Chinese lexical tone contours with syllables (e.g. Xu 
1998, 1999). Xu’s extensive body of work on alignment in Chinese, which is entirely 
independent of our own, has yielded a number of findings consistent with the work that 
builds directly on ALM. The clearest example is his finding that the end of the rising contour 
for Mandarin second tone is closely coordinated with the end of the syllable, regardless of 
speech rate and syllable composition (specifically the presence or absence of a nasal coda).  
v. Phonological factors in the alignment of Japanese accentual H (Ishihara 2003). The end 
(peak) of the F0 rise signalling a word-initial accent in Tokyo Japanese is consistently aligned 
with the “moraic” part (in the sense of Hayes 1989) of the second mora, regardless of 
whether the second mora is a separate CV syllable or only the second half of a long (CVN or 
CVV) syllable. However, adjustments to segment durations in the different types of syllable 
mean that it is more difficult to distinguish between structural and “time pressure” 
explanations than in the case of Dutch long and short vowels (point ii above). 
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vi. Stress effects on alignment of “phrase accents” in a variety of languages (Grice, Ladd & 
Arvaniti, 2000; Lickley, Schepman & Ladd, submitted). The F0 minimum in a falling-rising 
nuclear accent in Dutch and German is aligned with the most prominent postnuclear syllable 
(e.g. secondary stress; lexical stress of a post-nuclear content word; etc.).  
vii. Consistent differences between nuclear and prenuclear accents (Schepman, Lickley & 
Ladd, submitted; Nibert 2000). In both Dutch and Spanish F0 peaks are aligned earlier in 
nuclear accents than in prenuclear accents, while the leading F0 valley is unaffected. Caspers 
& van Heuven found essentially the same effect, if we equate “prenuclear” with their “Type 1 
rise” occurring on its own and “nuclear” with their sequence of “Type 1 rise” and “Type A 
fall”. If this equation is valid, Caspers & van Heuven interpret the earlier alignment of 
nuclear peaks as a case of “time pressure”: the peak of the Type 1 rise is pushed earlier by the 
immediately following Type A fall. A very similar explanation, with “L phrase accent” 
(Grice et al., 2000) in place of “Type 1 fall”, is proposed by Schepman et al. 
viii. Consistent small differences of alignment between languages and between varieties of 
the same language (Atterer & Ladd, in press). In German, rising prenuclear accents are 
aligned consistently later than those in English and Dutch, and within German, such accents 
are aligned consistently later in Southern varieties than in Northern varieties. The effects are 
small but significant, and apply to both the beginning and the end of the rise. Among other 
things, this means that the consistent alignment of the beginning of the rise with the 
beginning of the syllable found in Spanish, Dutch, English, Greek and Japanese is not 
universal. Preliminary data on English (Ladd, Schepman & White, work in progress) 
similarly suggest that Scottish speakers align pitch accents slightly later than Southern 
English speakers. More generally, the fact that both the beginning and the end of the rise are 
affected lends support to Xu’s idea that the rise is, at some level of description, a unitary 
gesture, the alignment of which is specified as a whole.  This in turn suggests that one 
possible type of language-specific difference in the alignment of pitch movements may be a 
matter of what we may call “phasing”: we are not so much aligning specific targets at specific 
places in structure, but aligning whole movements relative to whole syllables. This possibility  
has important implications for the interpretation of segmental anchoring, as we shall see 
presently. 

3 Segmental anchoring: empirical summary so far  
The work reviewed in section 2 can be summarized in two principal points:  

1. In all languages studied so far, the duration of a pitch movement is strongly correlated 
with the duration of the associated segmental material, while the amount of F0 change 
(the pitch excursion) is unaffected by such differences. This applies whether the 
differences in duration are brought about by changes in rate, by intrinsic segment 
durations, or by different syllable structures. In some important sense, the beginnings 
and ends of pitch movements represent production targets, in a two-dimensional space 
defined by pitch level and alignment with the segmental string. 

2. The details of the correlation in point 1 – the precise alignment of F0 changes with the 
associated stressed syllable – can vary from language to language and from variety to 
variety within the same language. These differences can be simple differences of what 
we just called “phasing” (e.g. “the same” F0 change can be aligned earlier or later, as 
in Northern German vs. Southern German, point viii above) or differences of basic 
duration (e.g. the F0 change can have longer or shorter duration relative to “the same” 
syllable structure: in Dutch (point ii above) and Greek (section 1) the beginning of a 
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rising prenuclear accent is aligned in the same way, but the end of the rise is later in 
Greek than in Dutch). 

In my view these two points can be regarded as established empirical findings, which need to 
be taken into account in any attempt to explain the details of “peak delay” and other aspects 
of the way pitch features are aligned with the segmental string. 

4 Interpreting segmental anchoring 
On the face of it, the findings just summarized readily lend themselves to an “autosegmental” 
interpretation, in which a pitch movement is the phonetic manifestation of a sequence of 
“tones” aligned with the segmental string in well-defined ways. The alignment of one tone 
can be at least partially independent of another, as can be seen from the clear language-
specific differences in the duration of the same basic kind of pitch movement. The relative 
independence of the two targets makes problems for the model proposed in Xu’s work (point 
iv above), in which whole F0 movements are aligned with whole syllables. However, as the 
full picture emerges of what is involved in segmental anchoring – in particular, when we 
consider the implications of the “phasing” differences between languages and language 
varieties – the autosegmental interpretation becomes less attractive. The problem arises 
because of the way the autosegmental analysis tries to deal with “alignment” differences. 
In an autosegmental model, the obvious way to think about specific patterns of alignment is 
in terms of the “secondary association” of tones (Pierrehumbert & Beckman, 1988; 
Gussenhoven, 2000; Grice, Ladd & Arvaniti, 2000). For example, in the case of the Greek 
prenuclear accents studied by ALM, the basic association is between the L+H accent as a 
whole and the accented syllable, but if we want to express the details of the independent 
alignment of the L and the H in our autosegmental representation, we might say that the L is 
secondarily associated with the left edge of the syllable, and the H is secondarily associated 
with the following vowel. This is shown in Figure 2. Secondary association seems an 
especially appropriate way to account for Lickley et al.’s findings on the alignment of the F0 
minimum in Dutch falling-rising questions (point vi); this whole issue is discussed in detail 
by Grice et al. (2000). 

ω 
 

σ σ σ 
 

C   V C   V C   V 
 
 
α 
 

L    H 
 

Figure 2. Hypothetical autosegmental representation of the primary association (solid 
line) of an accent α to a syllable σ and the secondary association (dashed line) of the 
individual tones L and H to individual segments. See Pierrehumbert & Beckman 
(1988: 128) for a similar representation of the secondary association of phrasal tones 
to specific moras in Japanese.  

However, using secondary association to represent the phonetic detail of alignment leads to a 
rapid proliferation of distinct phonological representations for subtly different variations of 
phonetic detail between languages or between language varieties. For example, to express the 
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differences among English, Northern German, and Southern German demonstrated by Atterer 
& Ladd (point viii), we would have to associate the initial L tone of the rise with the left edge 
of the accented syllable (English), the left edge of the accented syllable nucleus (Southern 
German), and the onset of the accented syllable (Northern German), and posit similar 
differences for the association of the H tone. Moreover, even if we ignore the fundamental 
implausibility of assigning different phonological representations to closely related (and 
phonetically similar) phenomena in closely related languages, we must acknowledge that 
such an analysis fails to express two important facts: first, that there appears to be a 
continuum of alignment possibilities from English to Southern German; and second, that 
differences in the alignment of the L and the H are not independent, but that the earlier or 
later alignment somehow applies to the pitch movement as a whole. The first point calls to 
mind any number of recent demonstrations that language-specific phonetic detail needs to be 
described quantitatively, not symbolically. The second point suggests that the pitch 
movement as a whole does have some kind of phonetic unity, as maintained by Xu and as 
assumed by earlier models such as the one developed at IPO.  
With regard to the issue of language-specific phonetic detail, a useful analogy can be drawn 
to voice onset time (VOT). (Note that VOT, like F0/segment alignment, is phonetically a 
matter of coordination between laryngeal and supralaryngeal gestures.) Several features of 
VOT are relevant to our theoretical understanding of alignment. First, we know that 
languages can differ in the number of categories they distinguish by VOT: many languages 
have a single contrast between earlier and later VOT (usually described as voiced / 
voiceless), but some have no contrast (e.g. many Australian languages), and others have a 
three-member contrast of early, mid, and late VOT (usually described as voiced / voiceless 
unaspirated / voiceless aspirated). In the same way, some languages clearly have contrasts of 
F0/segment alignment, while others seem not to. Second, we also know that the phonetic 
detail of any given language is poorly predicted by the phonology: in two languages with 
early-late VOT contrasts, the same VOT value may manifest the “early” category in one 
language and the “late” category in the other. Even in languages with no VOT contrasts we 
can still make language-specific phonetic generalizations about VOT. Thus it should come as 
no surprise that, for example, prenuclear H peaks can be aligned differently in Greek and in 
Dutch. Finally, we know that there do not appear to be favored phonetic “slots” for VOT 
(say, +15 ms for voiceless unaspirated and +60 ms for voiceless aspirated); rather, the very 
careful cross-linguistic study of VOT by Cho & Ladefoged (1999) makes clear that average 
VOT for a given category in a given language can take on any of a continuum of values. We 
do not yet have comparable data for F0/segment alignment, but the data we do have shows no 
evidence that there are favored patterns. All of these considerations point to the conclusion 
that the fine phonetic detail of segmental anchoring is not a matter of secondary association 
after all, but of quantitative language-specific phonetic detail in the realization of 
phonological categories. 
As for the issue of the “unity” of pitch movements, it is usefully compared to the unity of a 
diphthong. The phonology of diphthongs (like other complex segments such as affricates and 
prenasalized stops) is a perennial conundrum, but at some level of description we are dealing 
with a specified movement from one set of formant values to another. These sets of values 
can be seen as phonetic targets, and the movement from one target to another in any specific 
context will be affected by speech rate, prosodic structure, surrounding consonants, and so 
on. The details are beyond the scope of this short paper, but two things are clear: first, the 
unitary nature of the articulatory gestures involved in a diphthong does not make the starting 
and ending targets irrelevant to the diphthong’s phonological characterization; and second, 
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there is no reason to assume that the time-course of the diphthong gesture is somehow 
universally locked to some other specific articulatory event or events – in fact, some recent 
work (notably Geumann & Hiller, 1996; Scobbie, Turk & Hewlett, 1999) suggests that the 
temporal details of the formant movements in a diphthong can have language-specific 
phonological significance. 
If we draw an analogy between pitch movements and diphthong gestures, we can see two 
useful things more clearly. First, we can see that there is no contradiction between treating 
the pitch movement as a phonetic gesture and describing it phonologically in terms of its 
endpoints (e.g. L+H). This is important for reconciling the work of e.g. the IPO tradition with 
work based on autosegmental phonology.  Second, we can acknowledge the phonetic unity of 
pitch movements without also assuming (as Xu and others have tended to do) that pitch 
movements are coordinated with their associated syllables in a universal deterministic way. 
In his work, Xu has started with the indisputable fact that segmental syllables and pitch 
movements are coordinated in time, and has elaborated it into a model in which the 
beginnings and ends of pitch movements and syllables are expected in many cases to be 
simultaneous. This requires him, among other things, to gloss over differences like those 
between Greek and Dutch prenuclear accents (e.g. Xu & Wang, 2001, which emphasizes that 
“tones are tightly aligned with host syllables despite the variations” (p.328) and appears to 
suggest that variations from simultaneity are all to be explained in biomechanical terms). But 
there is no reason to think that the language-specific differences summarized in Section 2 are 
spurious, so we must find a way of accommodating them in our theoretical understanding, 
just as we must find a way to understand findings about diphthongs like those of Geumann & 
Hiller or Scobbie et al.  
In the end, though, clear analogies will only get us so far. I think I am expressing a view 
appropriate to a Nooteboom Festschrift when I say that further studies of speech production 
and perception are going to be crucial for advancing our understanding of segmental 
anchoring. The key problem for all models of F0/segment alignment is that segmental 
anchoring implies lookahead. In a simple model of pitch movements like the one 
incorporated into the IPO theory (’t Hart et al., 1990: 73), the production mechanism only 
needs an anchor point and a specification of the pitch excursion (e.g. “starting now, raise F0 
for 120 ms at a rate of 50 semitones per second”), and Xu’s model seems to aim at a similar 
conceptual simplicity. But a more complicated model will be required if we are going to deal 
with segmental anchoring, because the specification of the pitch excursion will be something 
like “raise F0 by 6 semitones, starting now and finishing at the onset of the next vowel”. In 
order to know how fast to raise the pitch, the model needs to anticipate how long it will take 
to get to the specified finishing point. This is the kind of problem that models of segmental 
articulation – including diphthongs – have long had to deal with. Cross-fertilization from that 
work can only help in developing our understanding of pitch movements. 

Author’s note 
Although it may not be obvious to the reader, there is a connection between Sieb Nooteboom 
and the work reported here. My very first public presentation of the findings that form the 
basis of this paper – the findings that were later published as Arvaniti, Ladd & Mennen 
(1998) – was in Utrecht in early 1996. Sieb had introduced my talk and was at the front of the 
audience. I recall watching the growing astonishment on his face as I presented our 
experimental evidence that the duration of pitch movements is highly dependent on the 
segmental material that they accompany. For someone like Sieb who was raised on the 
unitary “prominence-lending pitch movements” of the classic IPO approach to intonation, the 
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autosegmental interpretation of pitch movements was hard to accept, yet Sieb readily 
admitted that the Arvaniti et al. results were unexpected, and certainly looked like support for 
the autosegmental view. So it seems appropriate to come back, nearly a decade later, and 
give, as my contribution to Sieb’s Festschrift, a summary of what followed those first 
findings. Somewhat ruefully, I note that it is appropriate to round off the summary with an 
acknowledgement that the autosegmental interpretation was not as strong as it seemed in 
1996, and that maybe the idea of unitary prominence-lending pitch movements has something 
to recommend it after all. 
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