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Abstract: We examined whether rhinoceros auklet (Cerorhinca monocarata) parents are able to adjust their provisioning 
effort in response to chick demand. A fostering experiment in which nestlings of different ages and masses were 
exchanged between burrows was employed to examine parental provisioning effort before and after the exchange. Daily 
mass increments of the nestlings were used to estimate the amount fed on the previous night, using a model based on 
data from captive chicks raised on a controlled diet. Our results demonstrate that rhinoceros auklet parents somehow 
assess and respond to the needs of their chicks by delivering more to older and larger fostered chicks and less to 
younger and smaller fostered chicks. Our results confirm and extend a growing body of information which shows that 
seabird parents can adjust provisioning effort when feeding young. We highlight how studies to date have differentially 
manipulated nestling age and hunger, thus complicating a comparative approach. Testing for interspecific differences in 
parental ability to res'pond to chick demands will require studies that employ comparable types of manipulations for a 
variety of seabird species. 

RCsumC : Nous avons tent6 d'Ctablir si, chez le Macareux rhinoceros (Cerorhinca monocarata), les parents sont 
capables d'ajuster leurs efforts d'approvisionnement de nourriture aux exigences de leurs oisillons. Nous avons procCdC 
B un Clevage expkrimental dans lequel des oisillons de masses et d'8ges divers ont CtC interchangks d'un terrier B l'autre 
et nous avons mesurC les efforts d'approvisionnement des parents avant et aprks 1'Cchange. Les augmentations 
quotidiennes de masse ont CtC utiliskes pour estimer la quantitC de nourriture apportCe la nuit prCcCdente d'aprks un 
modkle bas6 sur des donnCes obtenues chez des oisillons en captivitC soumis h un regime connu. Nos rCsultats indiquent 
que les parents rkussissent h Cvaluer les besoins des oisillons et h y repondre en apportant plus de nourriture aux 
oisillons adoptifs plus BgCs et plus gros et moins aux oisillons adoptifs plus jeunes et plus petits. Ces rCsultats 
confirment ceux des Ctudes antkrieures qui dCmontrent que les couples parentaux des oiseaux marins sont capables 
d'ajuster leurs efforts d'approvisionnement de nourriture aux oisillons. Nous soulignons le fait que les Ctudes antCrieures 
sont basCes sur des manipulations diffkrentielles de 1'Age et de la faim des oisillons, compliquant de ce fait 
l'interprktation d'Ctudes comparatives. Pour Cvaluer les diffkrences interspecifiques dans la capacitC des parents h 
rCpondre aux besoins des oisillons, les Ctudes qui s'imposent doivent utiliser des types comparables de manipulations 
chez un grand nombre d'espkces d'oiseaux marins. 
[Traduit par la Redaction] 

Introduction 

In this study we examine whether rhinoceros auklet (Cero- 
rhinca monocerata) parents are able to make adjustments in 
the level of provisioning in response to chick demand. Previ- 
ous studies of this question have led to varied results. For 
example, when small (young) and large Atlantic puffin 
(Fratercula arctica) chicks were exchanged (Hudson 1979)' 
parents fed foster chicks according to their previous feeding 
schedule and not according to the age of the foster chick. 
Hudson (1979) acknowledged, however, that his experi- 
ments monitored parents for only a brief period after the 
exchange and that foster parents may have adjusted provi- 
sioning effort over the long term. Moreover, Hudson (1979) 
did not measure the size of food loads, therefore the total 
amount of food delivered to chicks could not be measured. 

More recent studies (Harris 1983; Johnsen et al. 1994) have 
shown that Atlantic puffin parents can respond to chick 
demand. In a study on Leach's storm-petrels (Oceanodrorna 
leucorhoa), Ricklefs (1987) increased food demand by rotat- 
ing chicks among a number of nests and also found that 
parents did not alter their level of food provisioning. Hamer 
and Hill (1994) obtained similar results in a study on Cory's 
shearwater (Calonectris diomedea) . Ricklefs ( 1987, 1992) 
suggested that either storm-petrel chicks do not communicate 
their level of nutrition to the parent or parents do not (or can- 
not) respond to such information. Bolton (1995), however, 
showed that parents reduced provisioning to storm-petrel 
(Hydrobates pelagicus) chicks given supplementary food. 
Recently, Johnsen et al. (1994) hypothesized that the rela- 
tionship between parental energy expenditure and feeding 
efficiency may explain interspecific differences in the ability - - 
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Table 1. Mean ages and masses of nestlings on the day of the exchange during three 
fostering sessions. 

Mean number of 
delivery nights 

Age (dl Mass (g) 
Pre- Post- 

Year Session Group n Mean SD Mean SD exchange exchange 

1987 Early C 
S 
L 

1986 Late C 
S 
L 

1987 Late C 
S 
L 

Note: Nestlings in the control group (C; foster and natal nestlings of the same size) were 
exchanged with each other. Other nestlings were exchanged so that parents received a foster nestling 
either smaller (S) or larger (L) than their natal nestling. Also shown is the mean number of nights on 
which deliveries were estimated before and after the exchange. 

"There were 12 chicks (six pairs) on the day of the exchange, but 3 chicks were subsequently lost. 
'There were seven chicks on the day of the exchange. 
'There were 14 chicks on the day of the exchange. 

Cullen 1979). We predict that if offspring somehow commu- 
nicate their need for food to their parents, and if parents are 
capable of adjusting the amount they provision, parents 
should increase the amount provisioned when the foster 
nestling is larger than the natal nestling and vice versa. We 
discuss our results in relation to those of other studies which 
have examined parental provisioning in seabirds and distin- 
guish between those that have manipulated nestling age and 
those that have manipulated nestling hunger. 

Methods 

The study was conducted in 1986 and 1987 on the Lucy Islands 
(54" 18 'N, 130'37 'W), an archipelago located west of Prince 
Rupert, British Columbia, Canada. Details of the breeding biology 
of rhinoceros auklets can be found in Wilson and Manuwal (1986) 
and Bertram et al. (1 99 1). Parents provision nocturnally, usually 
about midnight, and between them make one or two visits to the 
nesting burrow (range 0-3 visits). On each visit during the 45 - 
70 d of the nestling period a load of small fish totaling approxi- 
mately 30 g (wet mass) is delivered to the single offspring. The 
amount provisioned each night varies greatly, ranging from 5 to 1 16 g 
(Bertram et al. 1991), and generally increases with the age of the 
nestling (Harfenist 1995), though the pattern is highly variable (see 
Bertram et al. 1991). 

Fostering experiments 
We fostered a total of 110 nestlings in three separate sessions, one 
during the 1986 breeding season and two in 1987. Of these, 35 pairs 
(70 individuals) of exchanged nestlings were of unequal ages and 
masses, so that their parents received a foster offspring larger or 
smaller than their natal nestling. The age differences of exchanged 
pairs ranged from 7 to 19 d, while the mass differences ranged from 
18 to 250 g. A further 20 pairs of "control" nestlings were more 
similar, with age differences of less than 4 d and mass differences 
that ranged from 0 to 80 g. Each chick was tethered into its foster 
burrow for the first night following the exchange (see Bertram 
et al. 1991). This procedure prevented most desertions, but a few 

nestlings deserted their foster burrow after the tether was removed, 
leaving the sample sizes reported in Table 1. 

For at least 6 d prior to and following exchanges, each nestling 
was weighed daily to within 2 g at about the same time between 
17:00 and 23:00. Deliveries on the first 2 nights following the 
exchange were excluded from the analysis because each parent 
needed time to encounter and respond to the demands of the foster 
chick. In addition, data were excluded if fewer than three deliveries 
could be estimated from either the pre- or post-exchange period. 

Estimating total nightly delivery 
We estimated the amount of fish provisioned by parents each night 
by means of a multiple regression model based on nightly weighings 
of the chicks and the timing of those weighings (see Fig. 1). The 
model requires as input two successive weighings of a chick (i.e., 
prior to and after a feed) and the times at which the masses were 
determined. Incorporating the time of weighing is necessary because 
rhinoceros auklet chicks lose mass continuously after a feeding 
(Vermeer and Cullen 1982). The model assumes that feeding occurs 
at midnight (which is close to the time when feeding visits at the 
colony reach a peak; D. F .B., personal observation), with a linear 
rate of decline in postfeeding mass. We used this model to predict 
the mass of deliveries to wild nestlings on the basis of our measure- 
ments of their daily mass increments. These estimates of delivery 
mass were used to compare parental provisioning between the pre- 
and post-exchange periods. 

The model was calibrated with controlled feedings of captive 
nestlings. In 1986 and again in 1987 we raised 6 chicks at our camp 
on the Lucy Islands (Permits BC PC 86/09 and BC PC 87/12). 
Mean chick age was 17.5 d (SD = 2 d, range 14-20 d) at the start 
of the study and chicks were kept for 36 d (32 d in 1987), housed 
in artificial burrows. The holes measured approximately 1 m 
(length) x 20 cm x 20 cm and were covered with Arborite and 
soil. A 3 cm diameter plastic pipe provided ventilation. Each night, 
between 23:00 and 01:00, the "camp chicks" were fed a known 
quantity of fish, using an adult rhinoceros auklet puppet (for details 
see Welham and Bertram 1993). The following day the chicks were 
weighed to the nearest 2 g at 10:00, 14:00, 16:00, and 22:OO. 
Chicks were fed fish meals that had been collected from adult auk- 
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Fig. 1. Graphical representation of the method used to 
estimate the amount of food delivered overnight. The 
example depicts a chick whose measured mass was W(i - 1) 
at 17:00. It lost mass at rate a until midnight, when it was 
fed L(i) g of fish. It then lost mass at rate b until it weighed 
W(i) at 17:00 the following day. The model estimates the 
size of the delivery to the chick, L(i). The derivation is 
outlined in the Appendix. a is the rate of mass loss before 
feeding; b is the rate of mass loss after feeding; T(i - 1) is 
the time from weighing on day (i - 1) and midnight feeding; 
T(i) is the time between midnight feeding and weighing on 
day (i); W(i) is mass measured on day i; and W(i - 1) is 
mass measured on day i - 1. 

Midnight feeding 

Day (i-1 ) Day (0 

Time (h) 

lets returning to the colony. These meals consisted almost entirely 
of Pacific sand lance (Ammodytes hexapterus; see Bertram and 
Kaiser 1993). 

Results 

Model calibration 
In 1986 the camp chicks grew from an average mass of 167 g 
(range 144 - 196 g) to 3 18 g (range 290 -338 g) and in 1987 
from an average of 130 g (range 1 16 - 148 g) to 290 g (range 
272 -312 g), within the range of their wild counterparts. 
Parameter estimates for the models based on the camp chick 
data are given in the Appendix. Predictions of fish delivery 
made from the models were highly correlated with the true 
delivery (i.e., the amount of fish fed) in both years (r2 = 
0.712 in 1986 and 0.788 in 1987; both P < 0.0001). The 
procedure therefore provides a reliable method of estimating 
total nightly delivery. 

Provisioning prior to the exchange 
We estimated the total nightly delivery for an average of 
4.9 -6.9 nights prior to each exchange (see Table 1). The 
mean total delivery in relation to nestling age (age was taken 
halfway through the pre-exchange period) is shown in 
Fig. 2a. The total nightly delivery initially increases with 

Fig. 2. Relations between nestling age and the amount 
provisioned by parents to natal nestlings (prior to the 
exchange): y = 10.3 + 3 . 1 ~  - 0.045x2; n = 96, r2 = 0.47 
(a) and between nestling mass and the amount provisioned by 
parents to natal nestlings (prior to the exchange): y = 7.12 + 
0 . 2 6 ~  - 0.00025x2; n = 96, r2 = 0.83 (b). 

Age of natal chick (dl 

Mass of natal chick (Q) 

nestling age and then levels off. The mean total delivery in 
relation to nestling mass is shown in Fig. 2b. The total 
nightly delivery increases steadily but at a diminishing rate 
with increases in nestling mass. 

Effect of the exchange 
Fostering may have an effect on parents independently of the 
size of the foster nestling. To examine this we compared the 
total nightly delivery to the control group prior to and follow- 
ing the exchange. Control parents did not alter the amount 
they provisioned ( t  = 0.59, df = 31, P = 0.56), showing 
that fostering itself had no detectable effect. 
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Fig. 3. Observed change in total nightly delivery (post-exchange 
mean minus pre-exchange mean) in relation to that expected 
on the basis of age (a) and mass (b). The calculation of the 
expectations is based on Fig. 2, and is described in the text. 
The broken lines indicate where observed and expected 
values are equal, and the solid lines are the equations of the 
major axis: y = -1.23 + 0.98~; n = 96 (a); y = 2.61 + 
0.94~; n = 96 (b). The upper and lower 95% confidence 
limits to the slopes are 0.79 and 1.22 (a) and 0.67 and 
1.31 (b), respectively. In both cases the upper limits exceed 1, 
indicating that the slope is not significantly different from 
unity. The intercept does not differ from zero for the 
equation based on age (t, = 1.01, df = 94, P < 0.5 (a)), 
but is slightly higher than zero for the equation based on 
mass (t, = 2.3, df = 94, P < 0.05 (b)). 

Expected change n burrow load mass (g) 

A 

Ol 
w 

: 20 
2 O o i 0 

Expected change In burrow load mass (g) 

Fostering experiments 
If there is parent -offspring communication of any form about 
the nestling's need for food, parents should provision a foster 
nestling with the amount they would provide to a natal 
nestling of the same age and mass. We can therefore use 

Fig. 2 to predict how much we expect parents to provision 
a foster nestling. We computed for each burrow the expected 
change in provisioning level as the difference in food load, 
based on the ages and masses of the natal (pre-exchange) and 
foster (post-exchange) nestlings. 

The results are portrayed in Fig. 3. Both the observed and 
expected values are subject to error, and because they have 
the same units, are best suited to major axis regression (Sokal 
and Rohlf 1981). There is a highly significant and positive 
relationship, with parents increasing the amount delivered 
when the foster nestling was older (Fig. 3a) and larger 
(Fig. 3b) than their natal nestling, and decreasing the amount 
delivered when the fostered chick was younger (Fig. 3a) and 
smaller (Fig. 3b). The intercepts of the regression equations 
do not differ from zero (Fig. 3a), or are very close to zero 
(Fig. 3b), supporting the conclusion made above that foster- 
ing by itself has no impact on the parents' provisioning 
behavior. For analyses based on both age and mass the 
observed change in parental provisioning did not differ from 
the expectation because the slopes are not significantly 
different from 1. 

Discussion 

Our results demonstrate that rhinoceros auklet parents reduced 
provisioning to small foster chicks and increased the food 
delivered to larger foster chicks. (It is unlikely that small 
foster chicks rejected food, since captive puffin chicks read- 
ily consume more than wild parents deliver (Harris 1978; 
Hudson 1979). Moreover, fish were very rarely found in 
burrows and it is unlikely that parents would consume prey 
intended for nestlings.) Our findings are supported by studies 
on the closely related Atlantic puffin. Johnsen et al. (1 994) 
exchanged chicks aged 6 and 20 d, and could not detect a 
difference between the growth rates of foster chicks and con- 
trol nestlings of similar age. They reasoned that, in order for 
the foster chicks to have achieved those growth rates, the 
foster parents must have adjusted their provisioning effort. 

Harris (1983) found that played back recordings of a 
hungry, begging chick caused parents to increase the fre- 
quency of food deliveries. This study differs in an important 
way from that of Johnsen et al. (1994): the playback study 
manipulated the (apparent) hunger of the nestlings, while the 
fostering study manipulated the age of the nestling (and may 
not have altered hunger). (Note that small foster chicks will 
experience less hunger than large foster chicks if parents pro- 
vision according to the size of their own chick.) Because of 
these differences, these two types of manipulations are not 
strictly comparable. Manipulations of hunger mean that upon 
returning to the burrow, parents find their nestling hungrier 
or less hungry than average, presumably communicating this 
by their behavior (e. g . , begging). Fostering experiments 
result in the parent being faced with a nestling markedly 
older (larger) or younger (smaller) than it previously had. 
Hunger or condition (mass corrected for age, e.g., Bolton 
1995) may not have been manipulated in fostering studies 
to date. 

Parent seabirds may respond differently to different types 
of nestling manipulations (e. g . , manipulations of hunger 
versus age). The basic energy requirements of nestlings are 
likely to be different in fostering studies (because young and 
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old individuals are typically compared) but not in studies that 
manipulate hunger in nestlings of similar ages. Moreover, 
begging calls may not effectively signal hunger (see also 
Ricklefs 1987, 1992) in some seabird species. 

Studies that have attempted to manipulate provisioning 
effort in seabirds (other than brood enlargement and cross- 
fostering studies) have employed a variety of techniques, 
used different species, and have reached varied conclusions. 
Experiments that have increased hunger by depriving petrel 
chicks of food, either by periodically preventing feeding 
(Ricklefs 1987) or by removing food from the proventriculus 
(Ricklefs 1992), have provided some support for the view 
that parents do not or cannot increase provisioning. It cannot 
be determined if parent puffins increased the total amount of 
food delivered to played-back recordings of hungry chicks 
because food load mass was not reported in Harris' (1983) 
study. In fostering experiments on petrels (Ricklefs 1992) 
and shearwaters (Hamer and Hill 1994), researchers 
exchanged chicks of similar ages (differences in condition 
probably existed but were not reported) and found that 
parents did not alter their provisioning schedule. Note that 
any differences in the hunger of nestlings could not be 
gauged in the fostering studies of Ricklefs (1992) and Hamer 
and Hill (1994). Ricklefs (1992) and Hamer and Hill (1994) 
also reduced the hunger of chicks in supplementary feeding 
experiments and found that parents did not respond by 
delivering less. In contrast, Bolton (1995) demonstrated that 
parent storm-petrels delivered fewer, smaller loads when chick 
hunger was reduced by supplementary feeding. Hudson 
(1979) exchanged (fostered) puffin chicks of different ages 
and masses but could not detect a change in the number of 
feeding visits in the short time frame of his experiment (see 
above). In more extensive fostering experiments, our results 
and those of Johnsen et al. (1994) show that parents do adjust 
provisioning in accordance with the age of their chick. 
Johnsen et al. (1994) suggested "that ,the ability to respond 
to chick's nutritional need may vary between seabird species, ' ' 
and, further, hypothesized "that the relationship between 
parental energy expenditure and feeding efficiency may be 
crucial in explaining such interspecies differences" (Johnsen 
et al. 1994). In light of the discussion above we suggest that 
Johnsen et al.'s (1994) idea cannot be adequately evaluated 
because, to date, sufficient comparable types of manipula- 
tions have not been performed on different seabird species. 

Our results confirm and extend a growing body of litera- 
ture from single-chick manipulations (see above), brood 
enlargements (see Y denberg and Bertram 1989 for a review; 
also Anderson 1990), and cross-fostering studies (Shea and 
Ricklefs 1985) showing that parents from a broad range of 
seabird species can adjust provisioning effort. To determine 
if interspecies differences in parental ability to respond to 
chick demands are general (cf. Johnsen et al. 1994) will 
require studies that employ comparable types of manipula- 
tions in a variety of species, preferably in the same colonies 
at ,the same time. Such studies should separate the effects of 
nestling age, hunger, and condition on parental provisioning 
effort and must control for variation in quality among 
parents. Possible interactions between prey abundance and 
the willingness or ability of seabird parents to alter provi- 
sioning effort (see Bertram and Kaiser 1993) are also of 
particular interest. 

Acnowledgements 

The Canadian Wildlife Service (CWS) , particularly G. W. 
Kaiser, provided financial and logistic support for this research. 
M. Amedro, D. Beadle, R. Chaundy, J. Curson, M. Force, 
I. Jimenez, A. Labbe, R. McMicheal, C. Samper-K., 
T. Sulivan, K. Thomas, R. Wakelam, and A. Whittaker 
assisted in the field. G.E. J. Smith (CWS) helped develop the 
model used to estimate nightly deliveries. E.G. Cooch pro- 
vided statistical advice. The project would not have been 
possible without the assistance of the Canadian Coast Guard, 
particularly D . and K. Richards. Additional financial support 
was provided by a Natural Sciences and Engineering 
Research Council of Canada (NSERC) operating grant to 
R.C.Y. and a NSERC scholarship and the Anne VallCe 
Ecological Fund scholarship to D . F . B . 

References 

Anderson, D.J. 1990. Evolution of obligate siblicide in boobies 2: 
Food limitation and parent-offspring conflict. Evolution, 44: 
2069 - 2082. 

Bertram, D. F., and Kaiser, G. W. 1993. Rhinoceros auklet nestling 
diet may gauge Pacific sand lance recruitment. Can. J. Fish. 
Aquat. Sci. 50: 1908-1915. 

Bertram, D.F., Kaiser, G.W., and Ydenberg, R.C. 1991. Patterns 
in the provisioning and growth of nestling rhinoceros auklets. 
Auk, 108: 842 -852. 

Bolton, M. 1995. Experimental evidence for regulation of food 
delivery to storm petrel, Hydrobates pelagicus, nestlings: the 
role of chick body condition. Anim. Behav. 50: 23 1 -236. 

Hamer, K.C., and Hill, J.K. 1994. The regulation of food delivery 
to nestling Cory's shearwater Calonectris diomedia: the roles of 
parents and offspring. J. Avian Biol. 25: 198 -204. 

Harfenist, A.E. 1995. Effects of growth rate variation on fledging 
of rhinoceros auklets (Cerorhinca monocerata). Auk, 112: 
1 - 17. 

Harris, M. P. 1978. Supplementary feeding of young puffins, 
Fratercula arctica. J. Anim. Ecol. 47: 15 -23. 

Harris, M.P. 1983. Parent - young communication in the puffin, 
Fratercula arctica. Ibis, 125: 109 - 1 14. 

Hudson, P.J. 1979. The parent-chick fledging relationship of the 
puffin, Fratercula arctica. J. Anim. Ecol. 48: 889-898. 

Johnsen, I., Erikstad, K.E., and Saether, B.-E. 1994. Regulation 
of parental investment in a long-lived seabird, the puffin 
Fratercula arctica: an experiment. Oikos, 71: 272 - 278. 

Ricklefs, R.E. 1987. Response of adult Leach's storm-petrels to 
increased food demand at the nest. Auk, 104: 750-756. 

Ricklefs, R.E. 1992. The roles of parent and chick in determining 
feeding rates in Leach's storm-petrel. Anim. Behav. 43: 895 - 
906. 

Shea, R.E., and Ricklefs, R.E. 1985. An experimental test of the 
idea that food supply limits growth rate in a tropical pelagic sea- 
bird. Am. Nat. 126: 116-122. 

Sokal, R.R, and Rohlf, F.J. 1981. Biometry. 2nd ed. W.H. Free- 
man and Co., New York. 

Vermeer, K., and Cullen, L. 1979. Growth of rhinoceros auklet 
and tufted puffins, Triangle Island, British Columbia. Ardea, 
67: 22 -27. 

Vermeer, K., and Cullen, L. 1982. Growth comparison of a plank- 
ton and a fish feeding alcid. Murrelet, 63: 34 - 39. 

Welham, C.V.J., and Bertram, D.F. 1993. The relationship 
between recent meal size and begging vocalizations of nestling 
rhinoceros auklets Cerorhinca monocerata. Anim. Behav. 45: 
827 - 829. 



Bertram et al. 

Wilson, U.W., and Manuwal, D.A. 1986. Breeding biology of the 
rhinoceros auklet in Washington. Condor, 88: 143 - 155. 

Ydenberg, R.C., and Bertram, D.F. 1989. Lack's clutch size 
hypothesis and brood enlargement studies on colonial seabirds. 
Colon. Waterbirds, 12: 134 - 137. 

Appendix 

We estimated the amount of fish (L(i); in grams) fed to the nestling 
as follows. The method is portrayed in Fig. 1, where all the symbols 
are also defined. The mass of the nestling measured on day i (fol- 
lowing feeding) is 

Rearranging and solving for L(i) we find 

[2] L(i) = W(i)ebn') - W(i - l)e-aT'i-l) 

The variables W(i), W(i - I), T(i), and T(i - 1) are known, but 
parameters a and b must be estimated from the data. To enable us 
to use multiple regression, we approximate the rate of mass loss 
over the intervals T(i) and T(i - 1) as linear. Then 

[3] L(i) = W(i)(c, + c2T(i)) + W(i - l)(c3 + c,T(i - 1)) 

where c,,  c,, c,, and c, are constants. Rearranging yields 

[4] L(i) = c, W(i) + c2 W(i)T(i) + c3 W(i - 1) 

+ c4W(i - l)T(i - 1) 

Multiple regression yields the following parameter estimates (num- 
bers in parentheses are standard deviations). 

Intercept 
c1 
c2 
c3 
c4 
F 
d f 
P 
r2 


