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Abstract. Body mass of migrant Rufous Hummingbirds (Selasphorus rufus) on refu-
eling stopovers increased on average from 3.2 to 4.6 g over a period ranging from several
days to 3 wk. In birds arriving with body masses below =~3.5 g, the initial period of mass
gain was very slow. This slow gain was not explained by energy costs associated with
territory establishment or learning to secure food, since it occurred even in years when
nectar resources were superabundant and territoriality was nearly nonexistent. Data on
body composition indicate that mass gain up to =3.5 g was due to deposition of nonlipid
body components, which we hypothesize to be proteins involved in rebuilding muscle
catabolized during the last stage of the recent migratory flight. Following the initial phase
of slow mass gain, an accelerating rise in body mass consisted entirely of lipid gain. On
average, overnight mass loss decreased prior to migration, suggesting that nocturnal torpor
facilitated lipid deposition. The slow phase of mass gain is a potentially important constraint
on migrating hummingbirds, because if they deplete their fat stores and allow their body
mass to fall below 3.5 g, they incur a substantial cost in terms of greatly increased time

spent on the subsequent stopover.
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INTRODUCTION

Adaptive seasonal variation in body mass is perhaps
most striking in migratory birds, some of which may
nearly double their mass before initiating migration
(e.g., Norris et al. 1957, Odum et al. 1961, Dowsett
and Fry 1971, Fry et al. 1972, Mercier 1985, Jehl 1988).
This variation in body mass is due at least in part to
deposition and catabolism of fat, which serves as the
principal source of energy for powering migratory flight
(King and Farner 1965, Blem 1980, Dawson et al. 1983,
Ramenofsky 1990). Fat is the best fuel for supporting
long-distance migration: oxidation of fat yields more
energy per unit mass than either carbohydrate or pro-
tein, and also yields a substantial amount of metabolic
water, thereby helping to maintain water balance dur-
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ing extended flight (Odum et al. 1964, Schmidt-Nielsen
1990).

Early studies suggested that nonfat body components
of migrating birds remain in homeostasis down to some
lower limit of body mass (Connell et al. 1960, Odum
et al. 1964, Hicks 1967) and led to the claim that
migratory birds are similar to airplanes in that * ‘high
octane’ fuel (that is, fat) is added to and used from pre-
existing ‘tanks’ (tissue spaces) without appreciable
change in the tissue structure of the body as a whole”
(Odum et al. 1964:1037). However, more recent stud-
ies have demonstrated that lean dry body components
vary in concert with lipid stores in some migrant spe-
cies (Child 1969, Evans 1969, Fry et al. 1970, 1972,
Evans and Smith 1975, Ward and Jones 1977, Mc-
Landress and Raveling 1981, Marsh 1984, Davidson
and Evans 1988, Johnson et al. 1989, Gauntetal. 1990,
Piersma 1990, Ellis and Jehl 1991, Jenni-Eiérmann
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and Jenni 1991). As a result of these discrepancies, the
roles of different body components in migratory mass
changes remain unclear and controversial (e.g., Baggott
1975, Piersma 1990).

Detailed analyses of energy acquisition and utiliza-
tion, and of the resultant variation in body composi-
tion, are necessary for evaluating the different behav-
ioral and physiological strategies of migration (Blem
1980, Walsberg 1990). Of the three major aspects of a
migrant’s energy budget, premigratory fuel storage, flight
costs, and replenishment of fuel reserves en route, only
the first two have received much attention. Unfortu-
nately, data are rarely detailed enough to understand
both the ecological and physiological processes taking
place during en route stopovers (Lovei 1989). Many
previous studies of mass gain by migrants have focused
on changes in mean body mass in a population over
time. Data from such studies may be confounded by
seasonal variation in population composition and oth-
er sampling biases (e.g., Jehl 1988), and they generally
provide little information about the ecophysiology of
individual migrants. Other studies based on capture
and recapture of individual birds during stopover pe-
riods provide more information on individual varia-
tion (e.g., Moore and Kerlinger 1987), but they are still
constrained by uncertainty about when individuals ar-
rive and depart.

We studied migrant Rufous Hummingbirds (Selas-
phorus rufus) for 11 summers (1976-1986) at a mon-
tane stopover site in the Sierra Nevada of California.
Here, we present data that suggest that hummingbirds
utilize only fat during migration unless body mass falls
below =3.5 g. Nonfat substrate then is used. In re-
plenishing these stores, there is a strong biphasic pat-
tern of body mass gain, with the lean dry mass recov-
ering very slowly, followed by a rapid rise in lipid.
This pattern is most consistent with the earlier studies,
but it also indicates that migrants do not always main-
tain homeostasis of nonfat body components during
en route stopovers and the flights between them. We
were able to detect and explain these patterns because
our data set is uniquely powerful: we recorded body
masses of unencumbered individuals throughout the
duration of their stopovers, we know the departure
dates of individuals, and we have body composition
data over the range of premigratory masses.

NATURAL HISTORY AND METHODS

Each summer, Rufous Hummingbirds migrate
through mountains of the western United States from
their breeding grounds in the Pacific Northwest to their
wintering grounds in Mexico (Grant and Grant 1967,
Calder 1987). En route, individuals stop in meadows
and in most years establish feeding territories based on
flowers (Gass 1979, Hixon et al. 1983). Over a period
averaging =8 d, they gain ~1.5 g and resume south-
ward migration (Carpenter et al. 1983).

Our study site was a 2-ha, stream-watered meadow
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at the base of the Sierra Nevada (1700 m elevation),
27 km northwest of Bishop, California (37°30" N,
118°30" W). A large population of the hemiparasitic
flowering plant Castilleja linariaefolia (Scrophularia-
ceae) is associated with the willows, grass, and sage-
brush near the stream. C. /inariaefolia begins flowering
from early to late July, and the first Rufous Hum-
mingbirds arrive from mid-July to mid-August. As they
refatten and resume migration, they are continually
replaced by new arrivals into September.

During the summers from 1980 to 1986, we mist-
netted hummingbirds at =15 sites throughout the
meadow. Nets were opened from 0530 until mid-
morning and again during the last 2 h of daylight. Each
captured bird was weighed to the nearest 0.1 g with a
Pesola balance and color-marked individually with
three small strips of surveyor’s flagging superglued to
the skin of the back. These strips did not seem to bother
the birds, nor did they affect body mass measurements
or behavior (Carpenter et al. 1983). Every day we walked
the length of the meadow with binoculars, identifying
all individuals, marking their approximate territory
boundaries on a map, and determining which individ-
uals had resumed migration. Resumption of migration
was conspicuous by several criteria: birds became ob-
viously fat one to several days before disappearing from
the site; birds often relaxed territorial defense the day
before resuming migration; birds fed unusually heavily
the evening before disappearing from the site; and some
birds returned to their territories for 1-2 h of heavy
feeding in the morning and then were observed to fly
southward out of the meadow.

We recaptured and reweighed from 3 to 22% (de-
pending on year) of our marked individuals. Each year,
several individuals were selected for intensive behav-
ioral observation and experimentation. These birds
were weighed by means of an electronic artificial perch-
balance (Carpenter et al. 1983; precision 0.01 g)
throughout each of five 1-h observation periods per
day over several days until they resumed migration.
This technique provided detailed data on individuals
without the potential problem of handling trauma af-
fecting masses, and it also allowed us to measure noc-
turnal mass loss. As part of our standard protocol, we
took continual measurements of body mass and be-
havior from 1830 to 1930 Pacific Daylight Time (PDT).
Some individuals took unusually large meals just be-
fore going to roost, but before the end of the obser-
vation period (usually during the last 10 min). In these
cases, we selected the final mass measurement prior to
the onset of large meals as the final evening mass.
Otherwise, if mass measurements were stable during
the last hour, then the measurement closest to 1920
was selected as the final evening mass. When mass
measurements fluctuated, as during breezy weather, we
averaged measurements over a 5-10 min period. In
the morning, body mass gain was often rapid before
0640 (possibly due to filling the crop to high levels to
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facilitate rehydration), so we selected the first stable
measurement after 0640. Therefore, we estimated
overnight mass loss as the difference between the 0640
dawn mass and the 1920 mass of the previous dusk.

Selected individuals were time budgeted during 1-h
observation periods beginning at 0630, 0930, 1230,
1530, and 1830. Full details of the procedures are given
in Hixon and Carpenter (1988). Three timed variables
contributed to foraging time: (1) nectar-feeding on the
territory or in undefended areas; (2) thieving nectar
from neighbors’ territories; and (3) hawking insects
(generally <30 s/h). Foraging time (i.e., the percentage
of time spent foraging) was calculated for each obser-
vation period as the total foraging time divided by the
total time during which the bird was in view. Average
daily foraging time was calculated as the mean of the
values obtained during the five observation periods.
Incomplete budgets (<five observation periods) were
obtained for some birds on some days, but because of
diel cycles in the birds’ behavior, the analyses reported
here only consider days for which budgets were avail-
able during all five periods.

In 1976, we collected 18 Rufous Hummingbirds by
shotgun from other meadows within a 64 km (40 mile)
radius of the study area. Each carcass was immediately
weighed to give fresh wet mass, and livers were dis-
sected out and weighed. Entire carcasses were dried at
60°C until no further mass loss occurred and were re-
weighed, and the difference was taken as water content.
Finally, lipid content was determined using Soxhlet
ether extraction (Morton et al. 1974), and fat-free dry
mass was obtained by subtraction. These birds ranged
in fresh wet mass from 2.9 to 4.5 g. The initial masses
of birds arriving at our meadow were as low as 2.8 g,
and mean masses the night before migration ranged
over the years from 4.5 to 4.8 g. Therefore, the collected
birds spanned virtually the entire range of premigratory
masses.

Statistical methods

Initial examination of data on mass gain and body
composition suggested transitions in patterns at =3.5
g. We therefore explored several possible statistical de-
scriptions of body mass as a function of time before
migration, and body component masses as functions
of body mass. The models we used were:

1) linear Y=c+ bX,
2) exponential Y = ¢ + be,
3) piecewise linear Y =c¢, + b X
(X = threshold)
Y=c¢, + b,X

(X > threshold),

We also examined the following combination of linear
and exponential models as a possible description of
mass gain:
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4) piecewise hybrid Y =¢, + b, X
(X = threshold)

Y=c¢ + be*
(X > threshold).

Linear models were fitted using ordinary least squares
regression. Other models were fitted using the nonlin-
ear estimation program in SYSTAT (Wilkinson 1990).
The threshold point was included as one of the param-
eters to be estimated in piecewise models. In piecewise
models of mass gain, where our sample size is very
large, we forced continuity at the threshold point by
including an appropriate term in the penalty function.
We did not impose continuity restrictions at threshold
points in piecewise models of body components, be-
cause sample sizes are relatively small, and we wished
to avoid depleting degrees of freedom in statistical tests.

We used the adjusted R> (denoted R, ;) as a criterion
for model selection (Glantz and Slinker 1990). The
value of R?,; for a particular model indicates the ex-
pected proportion of variance in the dependent vari-
able that would be accounted for by the predictor when
applying the model to a new sample from the same
population of data. R?,,; is similar to the usual R* in
regression, but incurs a penalty in the form of lost
degrees of freedom as more variables or parameters
are included in the model. Approximate Ftests (Glantz
and Slinker 1990) were used to test whether the selected
models significantly (P < .05) reduced the unexplained
variance.

Data on foraging time were examined for trends us-
ing linear regression, with time before migration (days)
as the independent variable.

RESULTS
Mass gain

Gain of body mass after arrival in the meadow ac-
celerated through time (Fig. 1). This pattern occurred
despite the fact that, on average, the time spent feeding
decreased through time (percent foraging time = 17.79
+ 0.65-[days before migration], N = 96, > = 0.09, P
=.002). Birds gained mass slowly before reaching =3.5
g, but rapidly thereafter. The pattern held both for the
entire sample (Fig. 1A) and for individual birds (Fig.
1B), and was similar in all years (Fig. 1C), despite the
fact that ecological and behavioral conditions varied
tremendously. In particular, food was so abundant in
1982 and part of 1983 that Rufous Hummingbirds
arrived heavier and were effectively nonterritorial
(Carpenter 1987), unlike in the other, highly compet-
itive years. Nonetheless, the few individuals in those
years that arrived below 3.5 g tended to show the same
slow initial rate of mass gain (Fig. 1C), despite the
absence of competition for food resources.

Based on the criterion of R?;, the exponential and
piecewise hybrid models provided identical fits (Table
1). Both models significantly reduced the unexplained
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Fic. 1. Changes in body mass over the days preceding
resumption of migration. (A) Data for all individuals and all
years combined. Only body masses measured during the af-
ternoon and evening are included. When more than one mea-
surement was made on an individual in a given day, the last
“good” measurement was used (details in Natural history and
methods). A small amount of uniform random error has been
added to all data points to avoid overlap in the figure. Re-
flecting the fact that most individuals spent <10 d on the
stopover, sample sizes for days 1 through 21 (right to left on
abscissa) are as follows: 46, 51, 53, 42, 33, 36, 35, 35, 15, 15,
21,16, 8,6, 2,5,1,0, 2, 1, 1. The curve superimposed on
the data is the best fitting exponential model (body mass =
3‘26 + 1_75.6(—04297~[days before migra‘ion]), R2a¢j]j - 0.57)' (B) FiVe
typical individuals. (C) Seven years (1980-1986) plotted sep-
arately. The lines connect the mean body masses of the mea-
sured population on each day prior to migration. The 2 yr
when-food resources were most abundant (1982, 1983) are
indicated by -----; other years are indicated by —.
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TaBLE 1. Valuesof R?,,; for the best fitting models of changes
in body mass, body composition, and liver mass in Rufous
Hummingbirds. Piecewise hybrid models were not appli-
cable (NA) to body composition data.

Dependent variable

Lean
Body Water dry Fat Liver
Model* masst mass} massf masst massi
Simple linear 044 0.57 027 0.83 0.69
Exponential 0.57 0.65 022 0.85 0.65
Piecewise linear 0.56 0.65 042 0.89 0.72
Piecewise hybrid 0.57 NA NA NA NA

* Equations are shown in Statistical methods.

+ Independent variable is number of days before migration
is resumed, during a refueling stopover.

} Independent variable is body mass.

variance in the body mass data (approximate F tests,
P < .001). The estimated threshold point in the best
fitting piecewise hybrid model was 8.5 d before mi-
gration, corresponding to a body mass of 3.39 g. The
fitted exponential model is shown in Fig. 1A. Both
models indicated a relatively slow rate of increase at
low body masses, with mass gain accelerating rapidly
thereafter.

Body composition

Piecewise linear models provided best fits for two of
the body components and for liver mass, and tied with
the exponential model for water mass (Table 1). In all
four cases, approximate F'tests indicated that piecewise
models significantly reduced the unexplained variance
(P < .05). The fact that neither linear nor exponential
models outperformed the piecewise model for any
component strongly indicates a biphasic pattern in the
data. Estimated thresholds for the three body com-
ponents (water, nonfat tissue, fat) and liver mass were
3.70, 3.50, 3.50, and 3.34 g, respectively (Table 2).
Because of the close proximity of these values, and
because the mean threshold for the three body com-
ponents (3.57 g) is close to the point of transition iden-
tified in the pattern of overall body mass gain (3.39 g),
it seems likely that the shifts in the patterns of mass
gain and body composition reflect a common “critical
mass” where an important transition in substrate me-
tabolism occurs. The slight differences among the sta-
tistically identified break points probably reflect sam-
pling and estimation errors, so we will assume that the
threshold point is =3.5 g.

Based on these results, we apply the terms ‘“Phase
1”° to the relatively flat part of the curves in Fig. 1 up
to =3.5 g, and “Phase 2" to the steeply rising part after
3.5 g. During Phase 1, both water and fat-free dry mass
increased as body mass increased, but no lipid accu-
mulated (Fig. 2A~C, Table 2). In contrast, during Phase
2 water and fat-free dry mass showed no consistent
changes, but lipid accumulated (Fig. 2A-C, Table 2).
That is, lipid alone accounted for the rapid rise in body
mass in the accelerating phase of the curves in Fig. 1.
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TABLE 2. Piecewise regressions of bod
mingbirds during a refueling stopove
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are as in Fig. 2. Symbols: *** P < .001; * P < .05; Ns = not significant.

1177

y components and liver mass on fresh wet body mass for migrating Rufous Hum-
r. The “thresholds™ given are the values that maximize R?,,; (Table 1). Sample sizes

Regression equations and statistics

Threshold
Dependent variable (8) Body mass =< threshold Body mass > threshold
Water mass 3.70 Y =0.52 + 0.52- X (***) NS
Lean dry mass 3.50 Y=-0.24 +0.31-X (% NS
Fat mass 3.50 NS Y= -2.36 + 0.79-X (***)
Liver mass 3.34 NS Y= -0.07 + 0.06-X (*)
Overnight mass loss Discussion

On average, overnight loss of body mass decreased

over time during Phase 2 of the refueling stopover.
This was true both for individual birds, and for pooled

data on many individuals (Fig. 3).

Fat deposition and the use of torpor

In contrast to the pattern observed in Phase 1, a
steeply accelerating accumulation of lipid was evident

during Phase 2 of mass gain. Fig. 2D suggests that
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Fic. 3. Overnight mass loss in relation to time before

migration. On average, Phase 2 begins 8-9 d before migration
(Fig. 1, Table 2). Data from all years and all individuals are
combined, representing 23 individuals with a mean of 2.8
measurements per individual. Data for three individuals with
seven data points each are indicated by dotted lines. The
horizontal dashed lines labeled ‘“Normothermy” and *“Tor-
por” indicate the theoretical expectations for overnight mass
loss by normothermic and fully torpid birds in sheltered roosts,
as calculated by Carpenter and Hixon (1988). A small amount
of error (+0.0025 g) has been added to overlapping data val-
ues in the figure so that sample sizes are visually evident.
Positive overnight mass changes represent experimental error.

~10% of the gain could be accounted for by deposition
of lipid in the liver. The rest is probably stored in
adipose tissue (Johnston 1970): conspicuous fat depots
develop in the birds’ furculum and subcutaneously over
the entire body.

The positive correlation between time before migra-
tion and foraging time indicates that the pattern of
mass gain in Phase 2 was not simply due to variation
in foraging behavior. Instead, the acceleration in mass
gain apparently resulted at least in part from an in-
creasing use of torpor for fat conservation. Under the
assumption that overnight mass loss is inversely pro-
portional to the amount of time spent in torpor, we
can use laboratory measurements of oxygen consumed
overnight with and without torpor at different tem-
peratures (Hiebert 1990) to calculate the mass birds
should have lost overnight at our field temperatures.
If a Rufous Hummingbird spent all night normother-
mic in a sheltered roost, it should have used =0.24 g
of fat, whereas if it spent all night torpid in a sheltered
roost, it should have used only 0.03 g (calculations in
Carpenter and Hixon 1988).

The average bird began Phase 2 losing ~0.2 g over-
night, and therefore most individuals were probably
using little or no torpor. Over the next several nights,
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apparently more birds used torpor and spent succes-
sively greater proportions of the night in torpor. All
birds appear to have spent at least some part of the
night torpid during the three nights prior to the re-
sumption of migration. On the final night before leav-
ing, birds lost an average of only 0.02 g overnight,
nearly identical to the value that we calculated they
should have lost if the entire night were spent torpid.

A possible alternative explanation for the progres-
sive reduction in overnight mass loss is that the in-
creasingly thicker fat layer acts as an efficient insulator,
reducing overnight heat loss. Gradually improving in-
sulation might lead to a gradual reduction in overnight
mass loss as a bird fattens, even if it remains nor-
mothermic at night. However, whole-body oxygen
consumption of fat (4.5 g) and lean (3.3 g) birds differs
by only 1% when the birds are normothermic, and
oxygen consumption during torpor is 10% higher in fat
birds than in lean ones (Hiebert 1989). Thus, reduction
in mass-specific oxygen consumption in fat birds can-
not account for reduction in overnight mass loss rel-
ative to lean birds. Furthermore, direct observations
demonstrate that very fat birds in fact do go torpid
part or all of the night (Carpenter and Hixon 1988,
Hiebert 1990).

Thus, although our data for torpor are indirect, we
hypothesize that Rufous Hummingbirds may wait un-
til their internal conditions are minimally appropriate
for migrating before using torpor as a means to con-
serve and increase fat. The determining internal con-
dition may involve the completion of muscle rehabil-
itation, as discussed below.

Source of the nonfat dry mass changes

Water and some nonfat component are accumulated
during Phase 1 of premigratory mass gain (Fig. 2A, B,
Table 2). The anabolic process taking place during Phase
1 apparently is slow, requiring up to 2 wk in some
individuals who arrived with a body mass much below
3.5 g (Fig. 1). Furthermore, this process apparently is
completed before fat deposition begins.

The identity of the lean dry mass is unknown, but
glycogen and protein are obvious candidates. In con-
trast to migratory flight, the very high ATP require-
ments of hovering, which is used extensively for feed-
ing during stopovers, are supported largely by the
oxidation of carbohydrate (Suarez et al. 1990). There-
fore, it seems plausible that the first stage in a migratory
stopover could be devoted to replenishing glycogen
stores. Anabolism of glycogen is thought to require
hydration at rates varying from 2.7 to 4 g water to 1
g glycogen (McBride et al. 1941, Olsson and Saltin
1970, but see Sherman et al. 1982). The observation
that our leanest birds gained 400 mg in water (Fig. 2A)
suggests that all of the variation in lean dry mass (up
to 180 mg; Fig. 2B) might be accounted for by glycogen.
However, glycogen is unlikely to account for the mass
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gain during Phase 1, because liver mass did not change
over the 2.9-3.5 g range (Fig. 2D), and because only
limited amounts of glycogen have been found in the
muscle of free-living migratory birds and other ver-
tebrates (<2% of wet muscle mass; e.g., Farner et al.
1961, King et al. 1963, Vallyathan and George 1964,
John and George 1965, George and Chandra-Bose 1967,
Hultman 1967, Gollnick et al. 1972, Kerem et al. 1973,
Marsh 1983). For example, Suarez et al. (1990) esti-
mated that =5 mg of glycogen occurs in 1 g of hum-
mingbird flight muscle. It therefore seems more likely
that the fat-free dry mass gained by lean birds consisted
primarily of protein. This conclusion is also supported
by a trend for birds to spend more time hawking insects
(their principal source of amino acids for protein build-
ing) when lean than when fat (F. L. Carpenter, unpub-
lished data).

Several hypotheses have been proposed to account
for mass changes in migrants involving protein. First,
the flight muscles of some species may undergo an
adaptive hypertrophy to accommodate the increased
power demands of flight caused by the elevation of
body mass (Evans 1969, Fry et al. 1972, Marsh 1984).
If such muscle hypertrophy occurs, it is presumably
regulated by a ““feedback mechanism involving the dy-
namic load placed on the muscles during flight” (Daw-
son et al. 1983:R759). A second possibility involves
the requirement for a supply of amino acids for general
structural repair and maintenance. Protein reserves
within the body may have to be utilized in order to
meet dietary requirements during the obligatory period
of fasting associated with long-distance flight (Evans
and Smith 1975, Ward and Jones 1977, Piersma 1990,
Piersma and Jukema 1990). The protein source may
be hypertrophied flight musculature (Ward and Jones
1977) or other, more labile, protein reserves (Kendall
et al. 1973). Third, regulation of substrate metabolism
may result in flight muscle catabolism by migrants.
Dawson et al. (1983) suggested that there may be a
trade-off between carbohydrate balance and protein
balance during long-distance flights. To balance tissue
uptake of blood glucose (and avoid hypoglycemia or
fatigue), an input of carbohydrate from elsewhere is
required. Since the liver only contains small stores of
glycogen, gluconeogenesis from glycerol or amino acids
is probably required. Uptake of glucose at higher rates
than can be supplied from glycerol may therefore ne-
cessitate the catabolism of muscle proteins to supply
amino acids (Daniel et al. 1977, Dawson et al. 1983).

The hypotheses outlined above all predict that
changes in fat and protein stores should be concurrent
rather than sequential during migration. A more par-
simonious explanation for the patterns we observed in
Rufous Hummingbirds is that these birds frequently
deplete their energy stores while en route. Although fat
is the primary source of energy for powering migratory
flight, if storage fat is depleted, then nonfat tissue must
be burned as an emergency measure (Odum et al. 1964).
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This nonfat tissue might involve flight muscle, which
has high levels of proteolytic enzymes (Swain 1992).
Degraded muscle tissue would presumably have to be
rebuilt or repaired during the early stage of stopover
before fat redeposition could begin. Depletion of fat
reserves is therefore consistent with our observation
of sequential patterns of variation in fat and nonfat
dry body components.

Studies of body composition changes in sedentary
animals undergoing starvation frequently indicate that
fat and protein are utilized concurrently (e.g., Enten-
man et al. 1958, Cherel et al. 1988, Groscolas et al.
1991). However, protein degradation during endur-
ance exercise is poorly known (Goldspink 1991), and
there is no reason to assume that the physiological
changes occurring during fasting in sedentary and ex-
ercising animals must be identical (cf. Shephard 1982).

As far as we are aware, use of nonfat tissue for mi-
gratory fuel following the depletion of fat stores en
route has not previously been documented in detail.
However, examination of migrant birds following their
completion of long-distance flights across major eco-
logical barriers often suggests that breast muscle has
been catabolized (e.g., Miller 1963, Rogers and Odum
1966, Kuenzi et al. 1991). For example, in their study
of North American migrants following trans-Gulf mi-
gration, Rogers and Odum (1966:418) noted that in
some of the very light birds, “the breast muscles seemed
reduced so that the keels of the sternums protruded
noticeably.” Our data together with these anecdotal
reports suggest that, during migration, muscle has a
homeostatic role involving the provisioning of sub-
strate for combustion during energy emergencies. This
conclusion is in accord with recent studies of brood-
rearing passerines, which demonstrated a role of flight
muscle protein in fuel homeostasis during fasting (Swain
1992).

The slow rate of mass gain by Rufous Hummingbirds
during Phase 1 may be due to a constraint on the
dietary availability of amino acids to these nectar-feed-
ing birds, to a higher energy cost of synthesizing protein
than fat, or to other, as yet unknown factors. Dietary
availability of amino acids is probably not the expla-
nation since insects were abundant at our study site.
Furthermore, the few data we have on birds hawking
for insects before and after reaching 3.5 g suggest that
birds spent more time flycatching when they weighed
<3.5 g (F. L. Carpenter, unpublished data).

On the other hand, we can discount the possibility
that lean birds simply devoted less time or effort to
foraging. We found that foraging time tended to de-
crease as birds became fatter, and other studies have
suggested that lean migrants may have a greater im-
pulse to acquire energy than fat birds (Mascher 1966,
Loria and Moore 1990, Kuenzi et al. 1991). Although
probably physiological in nature, the precise reason for
the slow rate of mass gain in lean birds remains unex-
plained, and should be the subject of future study.
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Ecological significance

Our results have general implications for under-
standing the migratory strategies used by birds. First,
we found that virtually all mass gain above 3.5 g was
due to lipid deposition. This pattern of body compo-
sition change is consistent with Odum et al.’s (1964)
historically influential hypothesis that nonfat body
components of migrating birds remain in homeostasis,
down to some lower limit of body mass. Those workers
suggested that depletion of storage fats occurs at a fat
index (ratio of fat mass to nonfat dry mass) of 0.2 to
0.3; below this level, nondepot fat and/or nonfat tissue
must be catabolized. Consistent with this hypothesis,
Fig. 2 indicates that the critical mass of =3.5 g in
Rufous Hummingbirds is associated with a fat index
of =0.35.

Migration often occurs during times of unfavorable
or unpredictable weather (Gass and Lertzman 1980)
and intense competition for food resources (Rappole
and Warner 1976, Kodric-Brown and Brown 1978,
Gass 1979, Moore and Yong 1991), and it is generally
a time of high mortality in birds (Spendelow 1985,
Lindstrom 1989, Alerstam 1990). Therefore, natural
selection should favor the ability to deposit fat effi-
ciently and regain body mass rapidly during refueling
stopovers (Alerstam and Lindstrom 1990). While some
studies have presented data suggesting that migrants
gained mass rapidly over the duration of their stopover
(Cherry 1982, Bairlein 1985, Moore and Kerlinger
1987), other studies have documented an initial period
of loss or maintenance of body mass by migrants for
one to several days following their first capture (and
presumed arrival) at the stopover site (Davis 1962,
Gladwin 1963, Nisbet et al. 1963, Mascher 1966,
Mueller and Berger 1966, Page and Middleton 1972,
Langslow 1976, Rappole and Warner 1976, Mehlum
19834, Biebach et al. 1986). Previous workers have
hypothesized that low rates of mass gain during the
early stages of migratory refueling stopovers are caused
by a delay in the onset of hyperphagia in newly arrived
migrants (Mascher 1966, Langslow 1976), costs asso-
ciated with territory establishment (Davis 1962, Rap-
pole and Warner 1976, Mehlum 1983gq, b), or handling
trauma (Mueller and Berger 1966). Our results suggest
an alternative explanation for variation in mass gain
by Rufous Hummingbirds, namely, that migrants suf-
fer a period of slow mass gain upon stopping only if
they need to restore nonfat body components degraded
during the preceding migratory flight.

Some workers have argued that catabolism of sur-
plus flight muscle for fuel may be adaptive in that it
reduces the power output for flight and extends the
maximum range of a migratory flight (Pennycuick 1975,
1978). Our data do suggest that some individuals may
catabolize muscle toward the end of a long-distance
migratory flight. However, such a strategy imposes a
potentially severe constraint on the subsequent rate of
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refattening, which entails costs in terms of a delay in
the resumption of migration, and therefore probably
represents an emergency measure resorted to only when
all nonessential fat stores have been depleted.

ACKNOWLEDGMENTS

We thank D. Babb (LADWP) for access to our study site,
K. and M. Kaiser for their hospitality in the field, and M.
Morton for providing the facilities for determination of body
composition. Birds were collected under permit number 3769
from the California Department of Fish and Game. This study
could not have been completed without the careful help of
our many field assistants over the years: C. Copenhaver, P.
Fuller, D. Heinemann, T. Holtsford, C. Huckins, M. Hum-
phries, J. Kohn, R. Lejnieks, C. Lenihan, D. McGrath, P.
O’Neil, P. Paton, E. Read, E. Smith, A. Smythe, B. Tissot,
and K. Uphoff. We thank A. Bennett, W. Calder, L. Gass, S.
Hiebert, J. Jehl, W. Karasov, C. Leopold, F. Moore, R. Sal-
labanks, R. Suarez, and two anonymous referees for careful
reviews and helpful suggestions. This study was supported by
NSF Grants DEB 80-22575 (Carpenter, Paton, Hixon) and
DEB 84-00669 (Carpenter, Hixon).

LITERATURE CITED

Alerstam, T. 1990. Ecological causes and consequences of
bird orientation. Experientia 46:405-415.

Alerstam, T., and A. Lindstrom. 1990. Pages 331-351 in
E. Gwinner, editor. Bird migration: physiology and eco-
physiology. Springer-Verlag, Berlin, Germany.

Baggott, G. K. 1975. Moult, flight muscle “hypertrophy”
and premigratory lipid deposition of the juvenile Willow
Warbler, Phylloscopus trochilus. Journal of Zoology 175:
299-314.

Bairlein, F. 1985. Body weights and fat deposition of Pa-
laearctic passerine migrants in the central Sahara. Oecologia
(Berlin) 66:141-146.

Biebach, H., W. Friedrich, and G. Heine. 1986. Interaction
of bodymass, fat, foraging and stopover period in trans-
sahara migrating passerine birds. Oecologia (Berlin) 69:370-
379.

Blem, C. R. 1980. The energetics of migration. Pages 175-
224 in S. A. Gauthreaux, Jr., editor. Animal migration,
orientation, and navigation. Academic Press, New York,
New York, USA.

Calder, W. A., III. 1987. Southbound through Colorado:
migration of rufous hummingbirds. National Geographic
Research 3:40-51.

Carpenter, F. L. 1987. Food abundance and territoriality:
to defend or not to defend? American Zoologist 27:387-
399.

Carpenter, F. L., and M. A. Hixon. 1988. A new function
for torpor: fat conservation in a wild migrant hummingbird.
Condor 90:373-378.

Carpenter, F. L., D. C. Paton, and M. A. Hixon. 1983. Weight
gain and adjustment of feeding territory size in migrant
hummingbirds. Proceedings of the National Academy of
Sciences (USA) 80:7259-7263.

Cherel, Y., J.-P. Robin, and Y. Le Maho. 1988. Physiology
and biochemistry of long-term fasting in birds. Canadian
Journal of Zoology 66:159-166.

Cherry, J. D. 1982. Fat deposition and length of stopover
of migrant White-crowned Sparrows. Auk 99:725-732.
Child, G. I. 1969. A study of nonfat weights in migrating
Swainson’s Thrushes (Hylocichla ustulata). Auk 86:327—

338.

Connell, C. E., E. P. Odum, and H. Kale.
weights of birds. Auk 77:1-9.

Daniel, P. M., O. E. Pratt, and E. Spargo. 1977. The met-
abolic homeostatic role of muscle and its function as a store
of protein. Lancet 2(27 August):446—448.

1960. Fat-free



June 1993

Davidson, N. C., and P. R. Evans. 1988. Prebreeding ac-
cumulation of fat and muscle protein by Arctic-breeding
shorebirds. Pages 342-352 in Henri Ouellet, editor. Acta
XIX Congressus Internationalis Ornithologici. Volume L.
University of Ottawa Press, Ottawa, Ontario, Canada.

Davis, P. 1962. Robin recaptures on Fair Isle. British Birds
55:225-229.

Dawson, W. R., R. L. Marsh, and M. E. Yacoe. 1983. Met-
abolic adjustments of small passerine birds for migration
and cold. American Journal of Physiology 245:R755-R767.

Dowsett, R. J., and C. H. Fry. 1971. Weight losses of trans-
Saharan migrants. Ibis 113:531-533.

Ellis, H. I, and J. R. Jehl, Jr. 1991. Total body water and
body composition in phalaropes and other birds. Physio-
logical Zoology 64:973-984.

Entenman, C., W. H. Goldwater, N. S. Ayres, and A. R.
Behnke, Jr. 1958. Analysis of adipose tissue in relation
to body weight loss in man. Journal of Applied Physiology
13:129-134.

Evans, P.R. 1969. Ecological aspects of migration, and pre-
migratory fat deposition in the Lesser Redpoll, Carduelis
flammea cabaret. Condor 71:316-330.

Evans, P. R., and P. C. Smith. 1975. Studies of shorebirds
at Lindisfarne, Northumberland. 2. Fat and pectoral muscle
as indicators of body condition in the Bar-tailed Godwit.
Wildfowl 26:64-76.

Farner, D. S., A. Oksche, F. I. Kamemoto, J. R. King, and
H. E. Cheyney. 1961. A comparison of the effect of long
daily photoperiods on the pattern of energy storage in mi-
gratory and non-migratory finches. Comparative Biochem-
istry and Physiology 2:125-142.

Fry, C. H., J. S. Ash, and L. J. Ferguson-Lees. 1970. Spring
weights of some Palaearctic migrants at Lake Chad. Ibis
112:58-82.

Fry, C. H,, I. J. Ferguson-Lees, and R. J. Dowsett. 1972.
Flight muscle hypertrophy and ecophysiological variation
of Yellow wagtail Motacilla flava races at Lake Chad. Jour-
nal of Zoology 167:293-306.

Gass, C.L. 1979. Territory regulation, tenure, and migration
in rufous hummingbirds. Canadian Journal of Zoology 57:
914-923,

Gass,C.L.,and K. P. Lertzman. 1980. Capricious mountain
weather: a driving variable in hummingbird territorial dy-
namics. Canadian Journal of Zoology 58:1964-1968.

Gaunt, A. S,, R. S. Hikida, J. R. Jehl, Jr., and L. Fenbert.
1990. Rapid atrophy and hypertrophy of an avian flight
muscle. Auk 107:649-659.

George, J. C., and D. A. Chandra-Bose. 1967. Diurnal
changes in glycogen and fat levels in the pectoralis of the
migratory starling, Sturnus roseus. Pavo 5:1-8.

Gladwin, T. W. 1963. Increases in the weights of Acrocepha-
li. Bird Migration 2:319-324.

Glantz, S. A,, and B. K. Slinker. 1990. Primer of applied
regression and analysis of variance. McGraw-Hill, New
York, New York, USA.

Goldspink, D. F. 1991. Exercise-related changes in protein
turnover in mammalian striated muscle. Journal of Exper-
imental Biology 160:127-148.

Gollnick, P. D., K. Piehl, C. W. Saubert IV, R. B. Armstrong,
and B. Saltin. 1972. Diet, exercise, and glycogen changes
in human muscle fibers. Journal of Applied Physiology 33:
421-425.

Grant, K. A., and V. Grant. 1967. Effects of hummingbird
migration on plant speciation in the California flora. Evo-
lution 21:457-465.

Groscolas, R., L. Schreiber, and F. Morin. 1991. The use
of tritiated water to determine protein and lipid utilization
in fasting birds: a validation study in incubating great-winged
petrels, Pterodroma macroptera. Physiological Zoology 64:
1217-1233.

Hicks, D. L. 1967. Adipose tissue composition and cell size

MIGRATORY MASS GAIN IN HUMMINGBIRDS

1181

in fall migratory thrushes (Turdidae). Condor 69:387-399.

Hiebert, S. M. 1989." Torpor in the rufous hummingbird
(Selasphorus rufus). Dissertation. University of Washing-
ton, Seattle, Washington, USA.

1990. Energy costs and temporal organization of
torpor in the rufous hummingbird (Selasphorus rufis).
Physiological Zoology 63:1082-1097.

Hixon, M. A., and F. L. Carpenter. 1988. Distinguishing
energy maximizers from time minimizers: a comparative
study of two hummingbird species. American Zoologist 28:
913-925.

Hixon, M. A,, F. L. Carpenter, and D. C. Paton. 1983. Ter-
ritory area, flower density, and time budgeting in hum-
mingbirds: an experimental and theoretical analysis. Amer-
ican Naturalist 122:366-391.

Hultman, E. 1967. Muscle glycogen in man determined in
needle biopsy specimens. Scandinavian Journal of Clinical
and Laboratory Investigation 19:209-217.

Jehl,J.R.,Jr. 1988. Biology of the Eared Grebe and Wilson’s
Phalarope in the nonbreeding season: a study of adaptations
to saline lakes. Studies in Avian Biology 12:1-74.

Jenni-Eiermann, S., and L. Jenni. 1991. Metabolic re-
sponses to flight and fasting in night-migrating passerines.
Journal of Comparative Physiology B 161:465-474.

John, T. M., and J. C. George. 1965. Seasonal variations in
the glycogen and fat contents of the liver and the pectoralis
muscle of migratory wagtails. Pavo 4:58—64.

Johnson, O. W., M. L. Morton, P. L. Bruner, and P. M.
Johnson. 1989. Fat cyclicity, predicted migratory flight
ranges, and features of wintering behavior in Pacific Gold-
en-Plovers. Condor 91:156-177.

Johnston, D. W. 1970. Caloric density of avian adipose
tissue. Comparative Biochemistry and Physiology 34:827—
832.

Kendall, M. D., P. Ward, and S. Bacchus. 1973. A protein
reserve in the pectoralis major flight muscle of Quelea que-
lea. Tbis 115:600-601.

Kerem, D., D. D. Hammond, and R. Elsner. 1973. Tissue
glycogen levels in the Weddell seal, Leptonychotes weddelli:
a possible adaptation to asphyxial hypoxia. Comparative
Biochemistry and Physiology 45A:731-736.

King,J.R., S. Barker, and D. S. Farner. 1963. A comparison
of energy reserves during autumnal and vernal migratory
periods in the white-crowned sparrow, Zonotrichia leuco-
phrys gambelii. Ecology 44:513-521.

King,J.R.,and D. S. Farner. 1965. Studies of fat deposition
in migratory birds. Annals of the New York Academy of
Sciences 131:422-440. i

Kodric-Brown, A., and J. H. Brown. 1978. Influence of
economics, interspecific competition, and sexual dimor-
phism on territoriality of migrant Rufous Hummingbirds.
Ecology 59:285-296.

Kuenzi, A. J., F. R. Moore, and T. R. Simons. 1991. Stop- °
over of Neotropical landbird migrants on East Ship Island
following trans-Gulf migration. Condor 93:869-883.

Langslow, D. R. 1976. Weights of Blackcaps on migration.
Ringing and Migration 1:78-91.

Lindstrom, A. 1989. Finch flock size and risk of hawk pre-
dation at a migratory stopover site. Auk 106:225-232.

Loria, D. E., and F. R. Moore. 1990. Energy demands of
migration on red-eyed vireos, Vireo olivaceus. Behavioral
Ecology 1:24-35.

Lovei, G. L. 1989. Passerine migration between the Pa-
laearctic and Africa. Pages 143-174 in D. M. Power, editor.
Current ornithology. Volume 6. Plenum, New York, New
York, USA.

McBride, J. J., M. Mason Guest, and E. L. Scott. 1941. The
storage of the major liver components; emphasizing the
relationship of glycogen to water in the liver and the hy-
dration of glycogen. Journal of Biological Chemistry 139:
943-952.




1182

McLandress, M. R., and D. G. Raveling. 1981. Changes in
diet and body composition of Canada Geese before spring
migration. Auk 98:65-79.

Marsh, R. L. 1983. Adaptations of the gray catbird Du-
metella carolinensis to long-distance migration: energy stores
and blood substrates. Auk 100:170-179.

1984. Adaptations of the gray catbird Dumetella
carolinensis to long-distance migration: flight muscle hy-
pertrophy associated with elevated body mass. Physiolog-
ical Zoology 57:105-117.

Mascher, J. W. 1966. Weight variations in resting Dunlins
(Calidris a. alpina) on autumn migration in Sweden. Bird-
Banding 37:1-34.

Mehlum, F. 1983a. Weight changes in migrating Robins
Erithacus rubecula during stop-over at the island of Store
Faerder, Outer Oslofjord, Norway. Fauna Norvegica, Series
C, Cinclus 6:57-61.

. 1983b. Resting time in migrating Robins Erithacus
rubecula at Store Faerder, Outer Oslofjord, Norway. Fauna
Norvegica, Series C, Cinclus 6:62-72.

Mercier, F. M. 1985. Fat reserves and migration of Red-
necked Phalaropes (Phalaropus lobatus) in the Quoddy re-
gion, New Brunswick, Canada. Canadian Journal of Zo-
ology 63:2810-2816.

Miller, A. H. 1963. Desert adaptations in birds. Pages 666—
674 in Proceedings of the XIII International Ornithological
Congress. Volume II. American Ornithologist’s Union,
Museum of Zoology, Louisiana State University, Baton
Rouge, Louisiana, USA.

Moore, F., and P. Kerlinger. 1987. Stopover and fat de-
position by North American wood-warblers (Parulinae) fol-
lowing spring migration over the Gulf of Mexico. Oecologia
(Berlin) 74:47-54.

Moore, F. R., and W. Yong. 1991. Evidence of food-based
competition among passerine migrants during stopover.
Behavioral Ecology and Sociobiology 28:85-90.

Morton, M. L., C. S. Maxwell, and C. E. Wade. 1974. Body
size, body composition, and behavior of juvenile Belding
ground squirrels. Great Basin Naturalist 34:121-134.

Mueller, H. C., and D. D. Berger. 1966. Analyses of weight -

and fat variations in transient Swainson’s Thrushes. Bird-
Banding 37:83-112.

Nisbet, I. C. T., W. H. Drury, Jr., and J. Baird. 1963. Weight-
loss during migration. Part I. Deposition and consumption
of fat by the Blackpoll Warbler Dendroica striata. Bird-
Banding 34:107-138.

Norris, R. A., C. E. Connell, and D. W. Johnston. 1957.
Notes on fall plumages, weights, and fat condition in the
Ruby-throated Hummingbird. Wilson Bulletin 69:155-163.

Odum, E.P., C. E. Connell, and H. L. Stoddard. 1961. Flight
energy and estimated flight ranges of some migratory birds.
Auk 78:515-527.

Odum, E. P., D. T. Rogers, and D. L. Hicks. 1964. Ho-
meostasis of the nonfat components of migrating birds.
Science 143:1037-1039.

Olsson, K.-E., and B. Saltin. 1970. Variation in total body
water with muscle glycogen changes in man. Acta Phy-
siologica Scandinavica 80:11-18.

Page, G., and A. L. A. Middleton. 1972. Fat deposition

F. LYNN CARPENTER ET AL.

Ecology, Vol. 74, No. 4

during autumn migration in the Semipalmated Sandpiper.
Bird-Banding 43:85-96.

Pennycuick, C. J. 1975. Mechanics of flight. Pages 1-75 in
D.S. Farner and J. R. King, editors. Avian biology. Volume
5. Academic Press, New York, New York, USA.

. 1978. Fifteen testable predictions about bird flight.
Oikos 30:165-176.

Piersma, T. 1990. Pre-migratory “fattening” usually in-
volves more than the deposition of fat alone. Ringing and
Migration 11:113-115.

Piersma, T., and J. Jukema. 1990. Budgeting the flight of a
long-distance migrant: changes in nutrient reserve levels of
Bar-tailed Godwits at successive spring staging sites. Ardea
78:315-337.

Ramenofsky, M. 1990. Fat storage and fat metabolism in
relation to migration. Pages 214-231 in E. Gwinner, editor.
Bird migration: physiology and ecophysiology. Springer-
Verlag, Berlin, Germany. '

Rappole, J. H., and D. W. Warner. 1976. Relationships
between behavior, physiology and weather in avian tran-
sients at a migration stopover site. Oecologia (Berlin) 26:
193-212.

Rogers, D. T., Jr., and E. P. Odum. 1966. A study of au-
tumnal postmigrant weights and vernal fattening of North
American migrants in the tropics. Wilson Bulletin 78:415-
433.

Schmidt-Nielsen, K. 1990. Animal physiology: adaptation
and environment. Fourth edition. Cambridge University
Press, Cambridge, England.

Shephard, R. J. 1982. Physiology and biochemistry of ex-
ercise. Praeger, New York, New York, USA.

Sherman, W. M., M. J. Plyley, R. L. Sharp, P. J. Van Handel,
R. M. McAllister, W. J. Fink, and D. L. Costill. 1982.
Muscle glycogen storage and its relationship with water.
International Journal of Sports Medicine 3:22-24.

Spendelow, P. 1985. Starvation ofa flock of Chimney Swifts
on a very small Caribbean island. Auk 102:387-388.

Suarez, R. K., J. R. B. Lighton, C. D. Moyes, G. S. Brown,
C. L. Gass, and P. W. Hochachka. 1990. Fuel selection
in rufous hummingbirds: ecological implications of meta-
bolic biochemistry. Proceedings of the National Academy
of Sciences (USA) 87:9207-9210.

Swain, S. D. 1992. Flight muscle catabolism during over-
night fasting in a passerine bird, Eremophila alpestris. Jour-
nal of Comparative Physiology B 162:383-392.

Vallyathan, N. V., and J. C. George. 1964. Glycogen content
and phosphorylase activity in the breast muscle of the mi-
gratory starling, Sturnus roseus (Linnaeus). Pavo 2:55-60.

Walsberg, G. E. 1990. Problems inhibiting energetic anal-
yses of migration. Pages 413-421 in E. Gwinner, editor.
Bird migration: physiology and ecophysiology. Springer-
Verlag, Berlin, Germany.

Ward, P., and P. J. Jones. 1977. Pre-migratory fattening in
three races of the Red-billed Quelea Quelea quelea (Aves:
Ploceidae), an intra-tropical migrant. Journal of Zoology
181:43-56.

Wilkinson, L. 1990. SYSTAT: the system for statistics. SY-
STAT, Evanston, Illinois, USA.

NOTE ADDED IN PROOF— While this paper was in press, A. Lindstrom and T. Piersma (“Mass changes in migrating
birds: the evidence for fat and protein storage re-examined,” Ibis 135:70-78), showed that individual variation
in structural size, reserve levels, or timing of storage can cause body composition data for a population to exhibit
a purely artifactual increase in fat-free mass. Their model predicts apparent deposition of fat-free tissue along
with fat throughout the range of body mass gain, even if only fat is being deposited in reality. Their model has
merit, but we think it does not apply to our data because our analyses suggest that mass gain in Rufous
Hummingbirds above 3.5 g consists entirely of fat, and all gain below 3.5 g is non-fat.





