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Summary

We used the doubly labeled water ILW) method to
measure field metabolic rate EMR) and water turnover
during winter and summer in a very small (6.59)
insectivorous desert passerine bird, the verdinAuriparus
flavicepg. Concurrently, we monitored weather conditions
and used time—activity budget data of free-living birds
and laboratory data on resting metabolic rate to
construct time—activity laboratory (TAL) estimates of
daily energy expenditure DEE ) and to partition the
verdins’ energy budget into thermoregulatory, activity
and basal components. TheFMR of adult verdins was
33.6+0.9kJday! (mean * sE.mM.; N=14) in winter and

expeditures for cold defense were 19.5+2.1% ODEE
in winter (computed assuming substitution of exercise
thermogenesis for thermoregulatory costs in active birds).
In the summer, thermoregulatory costs amounted to
9.0£0.4 % of DEE for keeping warm and 1.0+0.1 % ofDEE
for keeping cool in the heat. Activity costs were 21.0£0.5%
of DEE in winter and 17.5£0.1% of DEE in summer.
The water efflux of nonbreeding adult verdins was
3.9+0.2mlday?! (624+22mlkglday™) in summer (N=5)
and 3.4+0.2mlday! (498+26mlkglday1) in winter
(N=14). The water economy index WEI; water efflux
per unit FMR) of verdins was higher in summer

(0.17+£0.01 mlkJ?1) than in winter (0.10+0.01 mlkJ1) and
correlated negatively with meanTes

22.8+0.45kJday? (N=7) in summer. FMR correlated
negatively with the mean standard operative
environmental temperature (Teg prevailing during the
measurement period. TAL analysis produced DEE
estimates that corresponded on average to within
-0.9+2.4% of our DLW-measured FMR values (range
of individual values -18.3% to +14.3%). Metabolic

Key words: doubly labeled water, field metabolic rate, seasonality,
time budget, standard operative temperature, Passeriformes, water
flux, verdin,Auriparus flaviceps

Introduction

The lives of most temperate-latitude birds are organized omonbreeding summer birds are needed to assess more fully how
an annual cycle that includes reproduction, molt, dispersaeasonal changes in weather affeetR.
and/or migration and winter maintenance. How food and In the present study, we sought to assess the effects of
energy requirements vary with stage of the annual cycle angleather on the water and energy requirements of a very small,
which stage (if any) constitutes an energy ‘bottleneck’ islesert passerine bird by monitoriRlIR in winter and summer
poorly understood because energy requirements at differeim nonbreeding adult birds and to partition seasonal water and
seasons have been studied for fewer than 10 bird speciesergy budgets into their component parts. We predicted that
(Dawson and O’Connor, 1996). High thermoregulatory costthe FMR of nonbreeding birds should be higher in winter than
and low food availability during winter are assumed to increassummer as a result of higher thermoregulatory costs. The high
energy demands during that season (King and Murphy, 1971revailing summertime temperatures in California’s Colorado
yet the breeding period can also be a period of high energlesert, where we worked, probably require high rates of water
demand (King, 1974). use for cooling by evaporation and we hypothesize that water

Comparisons between winter and breeding-season fietdrnover should be higher in summer than in winter.
metabolic rate KMR) in eight bird species indicate litle  We investigated these questions in the verdiariparus
seasonal change in species with energetically economicihvicepd — a tiny (approximately 6.59) insectivorous
foraging modes, but a substantially highevMR during the  passerine native to desert regions of the southwestern United
breeding season in species with expensive foraging mod&tates. Verdins are non-migratory and reside year-round in
(Weathers and Sullivan, 1993). Additional studies involvingdesert scrub or riparian wash habitat that includes palo verde
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(Cercidium floridun), mesquite Prosopis nectaracaacacia escape. The birds settled down rapidly judging from the lack
(Acacia spp.) or smoketreeD@lea spinosp among the of struggling noises, and all were asleep when the cotton plug
dominant vegetation (Webster, 1999). They occur from souttwas removed approximately 1h later. We recaptured birds
central California to southern Sonora, Mexico, east to southempproximately 24 h later, re-weighed them and took a 5070
Utah and Nevada and west Texas and south to Sinaloa, Mexibmod sample. Blood samples were flame-sealed in heparinized
(Webster, 1999). glass capillary tubes and kept under refrigeration until micro-
We selected this species (i) because its small size shouliistilled under vacuum to obtain pure water. We determined
favor tight coupling to meteorological conditions and thereforehe 180 content of triplicate Bl subsamples of the pure water
reveal weather-dependent changes in energy and water use, lfiy) proton activation and subsequent counting of*ffethus
because its habit of roosting year-round in enclosed nespsoduced (Packard model 5210 gamma counter). Analyses
(Taylor, 1971) allowed us to recapture isotopically labeledvere performed either under the direction of Ken Nagy at the
birds reliably, and (iii) because our previous studies of thi¢aboratory of Biomedical and Environmental Sciences,
species provide critical background information (Webster antUniversity of California, Los Angeles, USA, or by us at the
Weathers, 1988, 1989, 1990). Crocker Nuclear Laboratory, University of California, Davis,
USA. Coefficients of variation i%0 standards were less than
) 1% and did not differ between analyses at Davis or UCLA.
Materials and methods We measured théH activity of the samples by liquid
Study area and animals scintillation using toluene—PPO (2,5-diphenyloxazole) cocktail
We studied verdin&uriparus flavicepgSundevall) in the and a Searle Mark Ill counter.
Colorado Desert (a branch of the Sonoran Desert) near PalmWe computed the COproduction of the doubly sampled
Desert, Riverside County, California, USA, during the wintershirds using the equations of Lifson and McClintock (1966), as
of 1986—-1988 (between December and the first week of Marcimodified by Nagy (1975, 1983). Isotope turnover data from
and in summer 1988 (6-10 July). Our study area was a drerdins that we did not initially bleed were analyzed using the
alluvial plain with a plant community dominated by palo verdesingle-sample approach (Nagy et al., 1984; Webster and
smoketree and cheesebustyiienoclea salso¥aDuring the  Weathers, 1989). For this latter procedure, we computed CO
winter portion of our study, verdins were not molting orproduction using equation 1 of Webster and Weathers (1989;
breeding, although in February and March some males did sitgeir method SS1) using the mean body water fraction
from exposed perches, suggesting that territorial advertisemefutetermined byt80 dilution) and the logarithm of the initial
had begun (Taylor, 1971). Summer measurements involvedotope ratio from the control birdsN£€11 in winter
five post-breeding adults (three of which had begun molt), tw@986—1987N=13 in winter 1987-198&=8 in summer 1988).
adults with dependent young, five dependent fledglings and/e computed the C{production of the 12 recaptured double-

two independent juveniles. sample verdins using both the double-sample and the single-
sampleDLW methods to evaluate the reliability of the single-
Doubly labeled water measurements sample method. Single-sample £@alues averaged 4.5%

We measured the rates of £@roduction Yco,) of free-  higher (range-6.5% to +14.6 %) than calculations based on
ranging verdins using the doubly labeled waldr\(Y) method  both initial and final isotope levels. The difference was not
(Speakman, 1997). Verdins were captured by hand or mist nstiatistically significant, however (paired=2.16,P>0.05), and
at or near their roost-nests in the late afternoon or earlghe values were highly correlated.85,P<0.001). From this,
evening, weighed immediately to the nearest 0.05g (K-Trome infer that the single-sample and double-sample methods
DS10 portable electronic balance), banded with a uniqugield equivalent results for this species, as has been
combination of plastic, colored leg bands (a maximum of twalemonstrated previously (Webster and Weathers, 1989).
bands) and injected intramuscularly with |[250f water On the basis of our behavioral observations, stomach content
containing 0.28 MBqg offH and >95atoms %80 using a analyses and the data of Taylor (1971), we estimated that the
previously calibrated Hamilton microliter syringe. Most of theverdins’ diet, by weight, consisted of 95 % arthropods and 5%
birds were released near the capture site immediately aftaectar (principally fronBeloperone californica Accordingly,
injection, but 23 (out of 54 experimental birds) were held in ave calculated-MR assuming 25.93 kJ of metabolized energy
darkened enclosure for an hour, reweighed and a 30-70per ml of CQ produced (diet respiratory quotient=0.77). This
blood sample taken from the brachial vein before they werealue is similar to factors used previously for insectivores
released. Initial samples from these birds (plus those from giNagy et al., 1984; Weathers and Sullivan, 1989).
additional 10 birds that were not released) served as controlsThe CQ production of verdins that lost mass during the
for the single-sampleDLW method. We also took blood release period was corrected following the procedures of
samples from five uninjected birds to assess the populatioWeathers and Sullivan (1989, 1993) in which the @@duced
background level o¥80, which averaged 0.2068 atoms%. by metabolic oxidation of body fat is estimated by subtracting

Verdin captured at their roost-nest in the evening weréost water (from the turnover of tritium) from the lost body mass.
returned to their nest after labeling wit.W, and the nest When we estimated metabolizable energy intake and food
entrance was temporarily plugged with cotton to prevent theconsumption, we omitted this source of ggoduction.
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Time budgets laboratory metabolic rate measurements, behavioral data and

In the winter, we quantified the activity patterns of free-information about the bird’s microclimate. The approach was
living verdins by following focal individuals opportunistically Similar to that of Weathers et al. (1984) and Buttemer et al.
and using a Radio Shack TRS100 microcomputer to record tf&986) and used the assumptions and values listed below and
occurrence and duration of the following activities: sitting,in Tables 1 and 2. Briefly, we used laboratory data on the
eating, preening, singing, aggressive interactions, foraging aiietabolic responses of verdins to air temperature and wind
flight. Flights of less than 1 m were included with the perchalong with field time—activity and thermal environment data to
hopping, pecking and foliage-gleaning activities that constitut@stimateDEE. OurTAL calculations were based on laboratory-
foraging by verdins. Sitting was defined as any motionlesgetermined thermal resistances of verdins in still air and wind
period exceeding 5s. Because we were unable to obtafiVebster and Weathers, 1988) coupled with 10 min average
complete time budgets for individual experimental birds, wevalues of field air temperature, operative temperatliee (
used population mean activity records to develop our timeBakken et al., 1985) and wind speed and incremental activity
budget model (see below). Summer activity budgets wer@nergy costs used in previous applications offthieapproach
taken from Austin (1978), who recorded data similar to oufWeathers et al., 1984; Buttemer et al., 1986; Bakken, 1990;

own for verdins near Phoenix, Arizona, USA, in July. Webster and Weathers, 1989). We used Twa models for
our calculations: the ‘additive model' assumed that the heat
Time-activity laboratory estimates of daily energy increment of feeding and exercise thermogenesis added
expenditure arithmetically to maintenance metabolic rate [fasted,

We estimated daily energy expenditurdEE) for  thermoneutral basal metabolic raBMR) plus thermostatic
comparison with theDLW measurements ofMR using a requirements; Walsberg, 1983]; the ‘substitutive model’
time—activity laboratory TAL) model that incorporated assumed that activity and specific dynamic act®DA) heat

Table 1.Measured values, predictive equations and assumptions of the time—activity laboratory model

Variable Winter Summer Source
Body mass (g) 6.7 6.5 Webster (1999); present study
BMR
(Wm2) 54.0 51.4 Wolf and Walsberg (1996)
(kL) 0.544 0.506 Buttemer et al. (1987)
RMRy
(Wm3) 108.0 102.8 Webster (1999)
(kJ L) 1.087 1.016 Wolf and Walsberg (1996)
rp (snrl)
Day 147.3 146.5 fole<33°C Wolf and Walsberg (1996)
60 if Te>44°C Webster and Weathers (1990)
426-9Te if Te=33-44°C
Night 247.31.TTe 140-1.1Te Wolf and Walsberg (1996)
Buttemer et al. (1987)
ro’ (snm?)
Day 147.314. 705 rp=0.1rp u%-5 Buttemer et al. (1986, 1987)
Night Ib b
Mnest(S NTY) 126 84 Buttemer et al. (1987)
rr (snrl)
Day 196.6 196 ifTe<33°C Webster and Weathers (1990)
or 313-4.85T¢ if Te>33°C Wolf and Walsberg (1996)
Night b+l nest b+l nest
rv' (snrd)
Day 196.6-19. 705 165-5.9u05 Wolf and Walsberg (1996);
Webster and Weathers (1988)
Night Mo+ nest P+ nest Buttemer et al. (1986, 1987)

BMR, basal metabolic rat®®MR,, metabolic rate of fasted birds nesting in the dark during the active phas#al thermal resistance in
free convection conditionsfe, operative temperaturep, whole-body thermal resistance in free connection conditiors; nest thermal
resistancert’, total thermal resistance estimated for field wind conditionaind speedry’, whole-body thermal resistance estimated for field
wind conditions.
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Table 2.Time—activity budgets of verdins and metabolic costshade;N=274 observations of 5min) and summer (25% sun,
assignments used in the time—activity laboratory models of 75 % partial sun between 06:00 and 11:00 h; 25 % shade, 75 %
energy expenditure partial sun for the remainder of the day; B. O. Wolf, personal
communication).

I 0,
Activity Tlme(r?)er dey activebpgfriod E*ns,(%)cog Our Tes calculations assumed that the daytime body
- temperature Tp) of active verdins was 41.6°C in winter
Winter (Webster and Weathers, 1988, 1990). For our suniDdE
Eg&i}:zg 13:% g8.8 1‘,20 calculations, we assumed that daytimewas 42 °C wherTe
Perching 0.7 74 50 was <40°C and 42.5°Q whefe was >40°C (Wolf and
Flying 0.3 3.0 10.0 Walsberg, 1996). Night-tim&p was assumed to be 35.7°C
Other 0.1 08 23 (Buttemer et al., 1987) in winter; in summ@s,was taken as
All activities 9.9 40°C whenTe was >25°C and 38 °C whél was <25 °C.
We used data from the literature on the temperature-
Summer . . . .
Roosting 125 _ 10 dependence of verdin thermal resistance to estimate resistance
Foraging 57 495 3.0 values for th& ALmodels (Webster and Weathers, 1988, 1990;
Perching 51 44.5 20 Wolf and Walsberg, 1996). Linear regression equations or
Flying 0.2 1.7 10.0 fixed values were used, depending on the prevailing field
Other 0.5 4.3 2.3 weather conditions. Total r{'), whole-body ") and
All activities 115 equivalent (¢') thermal resistances of verdins in the field were

estimated by applying corrections for the effect of wind
Winter time—activity data are for Deep Canyon, Riverside COU“tY(Webster and Weathers, 1988, 1990).
California (Web;ter and Weath.ers, 1990): Summer time-activity £or verdins sleeping in their roost-nests at night, we
daéaMarebfor Maricopa County, Arizona (Austin, 1978). estimated body and nest thermal resistanesn@rnes) from
R basal metabolic rate. Buttemer et al. (1987) and Wolf and Walsberg (1996). Roost-
nest thermal resistance was estimated to be 126ismwinter
(i.e. the heat increment resulting from feeding) substituted fofcomputed from the data of Buttemer et al., 1987). In summer,
otherwise necessary thermostatic requirements. our model used an arbitrary value one-third lower than the
The TAL model is generally described by the equation:  winter value (nese84snTl) on the basis of our observation
that summer nests were smaller and had thinner walls than
DEE= ((tBMR) + (taRMRx+ SDA + winter nests. Our estimates of night-timgandDEE assumed
(Hh+He+Haed, (D 4t wind did not penetrate the roost-nest (so fkat’) and
wheret, andty are the duration of the rest and active phasethat nest thermal insulation did not decrease with wind
of the daily cycleBMRis basal metabolic rat8DAis the heat (Buttemer et al., 1987).
increment of feeding (in this study, ORVMRy), RMRy is the
metabolic rate of fasted birds resting in the dark during the Meteorological measurements
active phasetlh is the energy cost of thermoregulation during  Air temperaturesTy) at our study site were monitored with
heat defensédc is the energy cost of thermoregulation duringshaded 0.25mm (30 gauge) copper—constantan thermocouples
cold defense andHact is the energy cost of activity. Each positioned 1 and 3m above the ground. We measured wind
additive component of the right-hand term represents a timapeed at 3m using hotball anemometers previously calibrated
weighted, weather-adjusted, cost of thermoregulation oo within +0.1ms! against a certified Gill propellor
activity. Daily time budgets and activity cost assignmentanemometer in a laminar-flow wind tunnel. In 1987-1988,
determined previously (Table 2; Weathers et al., 1984factory-calibrated Thornthwaite cup anemometers (model 901-
Buttemer et al., 1986; Webster and Weathers, 1990) were uskED; stall speed 0.1nT%) were also used to measure wind
to estimate daily energy cost increments associated wittpeed at 3m. We measurégwith 2cm sphere thermometers
activity. (Walsberg and Weathers, 1986) painted flat gray. Three
We computed standard operative environmental temperatuspheres were used: one was shaded, one was exposed to full
(Teg of verdins in the field from oufe and wind-speed data sunlight and the third was placed in the outer foliage of a palo
and usedlesto calculate the temperature-dependendeMR  verde tree, which is where verdins typically forage. Except for
using the formulations of Bakken et al. (1985), Bakken (1990)he latter sphere, all the sensors were fixed to a 3.5m pole
Buttemer et al. (1986) and Weathers and Webster (1990) ataced in the open. Sensor outputs were recorded at 60s
expressed by the following equation (Robinson et al., 1976ntervals with a Campbell Scientific CR21X datalogger and
Webster and Weathers, 1988): averaged every 10 min.

Tes= To={(r + 1o+ 19)To =T} () Statistical analyses

We weighted théle measurements for time spent in the sun We used least-squares linear regression and linear
and shade by free-living verdins in the winter (83 % sun, 17 %orrelation to examine relationships among the data. We tested
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Ts=6.8°C) to daytime highs of 15.9-31.4°C (mean maximurn

hypotheses about our results and the regression equations us 20 I ,
two-tailed Student's-tests and considered that two values A Night I  Day
differed significantly when the probability of error was less : :
than 5%. All values are given as means * standard error of tl 15 | !
| |
mean §.E.M.). | |
| |
10
Results : | o
Weather : Wy i
No rain or snow occurred on the days on which we 57 [
conducted our measurements. On wirR measurement ! :Ij
days (\=10), air temperaturd§, 3 m above the ground) ranged Full sun Te —e— &
f ight lows of 1.4-12.4°C (mean minimum 0 o 0
rom overnig ) ) T.at3m :
|
]

yellow head and breast of adult verdins. None was molting
We released the winter verdins at approximately 19:30
(Pacific standard time; range 17:45-21:10h) and recapture 30
them at approximately 19:40h (range 17:30-21:51h). Th

DLW release period thus averaged 23.9+0.2h (rang 25—
22.4-24.9h).

In winter, verdinVco, averaged 8.35+0.24 mtghLin eight
males and six females (Table 3). The body mass of winter birc
averaged 6.7+0.1g upon capture; they lost 0.3+0.05g durir
the release period followin@LW injection 5.1%; range Time, PST (h)

-12% t0-0.4%). . . . .
- . . Fig. 1. Air temperatureTg) at 3m, operative temperature in the sun
In summgr, We.lnjected 29 verdins. Fourtgen b_'rds Wer(Te) and standard operative temperatufey(for verdins at Deep
recaptured, including seven adults and seven juveniles. Of tlcanyon, cA, USA, throughout the winter day with the lowest
recaptured adults, four were molting. We sexed the birds tayerage temperature (13-14 December 1987) (A) and the hottest
noting the intensity of yellow coloration on the head anctsummer day (7-8 July 1988) (B) on which we measured field
breast and by examining them for brood patches. Three youimetabolic rate. PST, Pacific standard time.

Ta=25.9°C). In summer, we conducted experiments on twi O 5 VerdinTes e
days on which the daytime highh was 43.8 and 46.7°Cand © ! ! ! ' !
. . 5 18:00 00:00 06:00 12:00 18:00
night-time lows were 21.8 and 23.3°C. The extremes 0 &
standard operative temperature during our experiments rang % 5
o H H o H H T
from 0.2°C in winter to 45.0°C in summer (Fig. 1). ko B Night Day e |
|
Field metabolic rate 45— I
In winter, we injected 25 birds and recaptured 17 of them :
data from three individuals recaptured after periods longer the 40 [
24 h were not analyzed. Of those captured in roost-nests, i :
were roosting alone. All the winter birds had the distinctive 35 E |
¢
()

20—
00:00 06:00 12:00 18:00

Table 3.Body massyco,, field metabolic rate and field/basal metabolic rate ratio of verdins in winter and summer

Summer

Winter (N=14) Adults (N=7) JuvenilesN=2) Dependent fledglingNES)
Vo, (mlgth) 8.35-0.24 (6.8-9.8) 5.940.1 (5.45-6.25) 6.57, 6.64 50.2 (4.5-5.8)
FMR (kJ day’?) 33.6:0.91 (27.7-38.3) 2248.45 (21.8-24.9) 25.8, 25.9 1809 (15.8-20.9)
PredictedmMR (kJ day?) 21.0 20.6
FMR (kJ g9-63day 1) 10.1+0.3 (8.3-11.8) 74£0.15 (6.6-7.6) 7.9,7.8 5t0.3 (5.3-6.7)
Body mass (g) 64#0.1 (6.25-7.35) 6.38.4 (5.45-6.8) 6.6, 6.7 5t9.1 (5.45-6.4)
FMR/BMR 2.57 1.88 - -

Summer adult data are pooled for two breeding adults and five post-breeding adults, three of which were molting.
Values are meansst.M., with the range given in parentheses.

Predicted field metabolic ratENIR) was calculated from I¢8VIR=0.741+0.704lolylp (Williams and Tieleman, 2000).
BMR, basal metabolic rat&lp, body massyco,, rate of CQ production.
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birds (identified by their yellow bills, entirely gray heads and(pooled t-test; P<0.05), but lost approximately the same
sprigs of downy juvenile plumage) were captured roostinggmount of body mass during the release period (0.22+0.06 g;
with an adult female. This adult and two of her young wereange 0-0.4Q).
recaptured the next night in a different nest approximately Adult verdin FMR (winter and summer combined)
20m distant. Another female and two dependent juvenilesorrelated negatively with mean standard operative
were recaptured together at their original roost-nest. On thtemperature Te9 during the release period (Fig. 2). A linear
basis of their size and plumage, we estimate that these yourggression equation witfTes as the independent variable
verdins were 18-21 days old (Taylor, 1971). Because of thexplained 85% of the variance IRMR. FMR was not
date, these were probably young from a second brood for ttsggnificantly correlated with body mass, with mass loss during
season. Two young birds were captured roosting alone; whe release period or with the duration of the release period.
assumed that these were independent juveniles because of
their black bills and the lack of yellow plumage on the head. Water turnover
We released the summer-captured birds at approximately Total body water’€O dilution space) of nonbreeding adult
22:15h (Pacific daylight savings time; range 21:08—00:08 hyerdins was 4.49+0.07 ml in winteN£14) and 4.41+0.07 ml
and recaptured them at approximately 22:05h (rangsm summer K=5). Body water as a percentage of initial
21:04-23:30h). The release period averaged 23.8+0.2tass was 66.5£0.5% in winter and 68.0+0.4% in summer.
(range 23.4-25.7h). Water efflux of adult verdins without dependent young
SummemNco, did not differ between adult verdins capturedwas 623.5+21.6mlkgday in summer and 498.2+
with dependent young and those roosting alone (and presum26.1 mikglday?® in winter. These values correspond to
to be post-breeding), so we pooled the data (Table 3). Adulhe loss of 3.4+0.2migDday! in winter and
verdins in summer (without dependent youNg5) averaged 3.9+0.2mlHOday? in summer. Water efflux correlated
6.49+0.109 in body mass. During the release period followingositively with mearTes (r=0.30,P<0.05) during the release
DLW injection, they lost 0.22+0.04 g-8.4 % of initial mass; period (Fig. 3), although there was wide variation so that a
range-0.8 to 5.1%). Summer adults with dependent youndinear regression equation willasas the independent variable
averaged 5.99 in initial mass and lost 2.0% of their massxplained only 30 % of the variance in water efflux.
during the release period. The water economy indeX¥El; Nagy and Peterson, 1987;
Independent juvenileNE2) had a higher body mass than mlH20 kJ1) of verdins differed significantly between seasons
adults (but not significantly higher when compared using &.17+0.01mlk3! in summer versus 0.10+0.01 mlk3! in
pooledt-test withP>0.05; Table 3) and lost more mass duringwinter; P<0.01) and correlated positively with meBsgduring
the release period-7.3% of initial mass on average). the release period (Fig. 4). Mean release peTigexplained
Dependent juvenileNES), those with yellow bills captured in 77 % of the variance iWEL
the company of an adult, had a signficantly lower initial body
mass (pooledt-test; P<0.05) and lowerVco, than adults

6
5 a
404 @ °
§ 4+ e © 33
b °
g 33 &,
< 304 %5 s
e O 24
&8
n =
3 14  Water efflux=2.9+0.3Tes
204 FMR=43.9-0.6Tes ° r2=0.30, N=20, P<0.01
r2=0.85, N=21, P<0.01 0 . . . .
: : : : 10 20 30 40
10 20 30 40 Mean standard operative temperature,
Mean standard operative temperature, Tes (°C) during release period

Tes (°C) during release period
Fig. 3. Rate of water efflux (mlda}) of free-living verdins,

Fig. 2. Field metabolic rateF(IR, kJday?; measured using doubly measured using the doubly labeled water method, plotted as a
labeled water) as a function of mean daytime standard operatiffunction of mean standard operative temperatdig) @during the
temperatureTes °C). The cluster of points near a méagof 35°C release period. The linear regression equation shown was computed
depicts data collected on 7—8 July 1988 and 9-10 July 1988 when tignoring the outlier data point (square), which was more tramnn.

field metabolic rates of several birds were measured simultaneouslyfrom the mean winter rate of water efflux.
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0.25 substitutive model, in which activity heat subsumed the
:.; thermostatic costs of keeping warm whks was below the
< 020 lower critical temperatureT(c; the temperature below which
e energy must be expended in thermoregulation), was in closer
g agreement overall (averag®.9+2.4 % lower thaibLW) but
. 0.154 also hadDEE values that ranged widely around tBé&W-
g measured data (rangel8.3 to +14.3%)DEE estimates did
é 0.104 not.d|ffer significantly from the correspondifgMR values
5] (pairedt-test,P<0.01).
8 (Y
@
0057 WEI=0.04+0.004Tes . .
g r2=0.77, N=21, P<0.01 . Discussion o _
0 Verdins are among the smallest of passerine birds and might
1'0 2'0 3'0 4'0 therefqre pe expected to show a high degree of vyeather—related
Mean standard operative temperature variability in the|r|_:MR. Irlldeed., the close correliatlon between
Tes (°C) during release period ' meanTesandFMRin verdins (Fig. 2) reflects their low thermal

inertia and the close coupling of very small birds to their
Fig. 4. Water economy indeX\El, the ratio of water efflux to field physical environment (ciCalder and King, 1974). OurAL
metabolic rate; mlk¥) of verdins in winter and summer plotted as a model allowed us to examine further the dependenéaviii
function of mean standard operative temperatlig) during the on Tes and to estimate how the verdin's thermoregu'atory
release period. requirements change seasonally. Our data revealed significant

energy costs of thermoregulation not only in winter, but during
Time—activity laboratory estimates of field metabolic rate  symmer as well.

The TAL model that we used to estimate verddtE Our TAL estimates of daily energy expenditure
extrapolated laboratory data to a field setting. It dependecbrresponded fairly well with our estimates derived fidw,
heavily on predictive equations for various biophysicalbut did not accurately match individugFMR values
variables and utilized population mean values for time—activityFMR/DEE linear correlation coefficients4) were 0.71-0.78
data. Nevertheless, oifrAL model yieldedDEE estimates for the twoTAL models]. LikeTAL estimates oDEE for the
that approximatedDLW measurements oFMR (Table 4).  kestrel Falco tinnunculusMasman et al., 1988) and yellow-
The additive model produceBMR estimates that were on eyed junco Junco phaeonotydVeathers and Sullivan, 1989,
average 9.3x2.0% higher than theW measurements [range 1993), our additive model predicted a higli@iR than we
-3.5 to +31.2%; computed as 1DBHE-FMR)/FMR]. The  measured. Altering the model to include the assumption that

Table 4. Time—activity laboratory estimates of verdin daily energy expenditure in winter and summer

Winter Summer
DLW-measuredMR 33.6+0.9 (27.7-38.3) 228).5 (21.4-24.9)
Additive TAL model
DEE 36.4:0.9 (32.9-42.9) 2540.1 (24.3-25.5)
Resting metabolic rate 120.2 (17.8-19.8) 1749.1 (17.7-18.2)
Cold defensetc 10.2+0.9 (7.2-18.8) 2£0.1 (2.0-3.0)
Heat defenseslh - 0.25+0.03 (0.16-0.35)
Activity cost 6.6:0.1 (6.2—7.5) 430.01 (4.3-4.4)
SubstitutiveTAL model
DEE 31.4+0.7 (28.8-36.6) 2448).1 (24.2-25.3)
Resting metabolic rate 120.2 (17.8-19.8) 1749.1 (17.7-18.2)
Cold defensetc 6.3+0.8 (3.5-12.6) 2#0.1 (1.7-2.6)
Heat defensesin - 0.25+0.03 (0.16-0.35)
Activity costs 6.60.1 (6.2-7.5) 4.80.01 (4.3-4.4)

See text for details of models used.

All data are reported in kJ dgly as means &.£.m. (with the range in parentheses).

Resting metabolic rate as used here is basal metabolic rate minus the minimal cost of daytime existence (fed, alertgepmvohitnate)
in the absence of thermoregulatory or activity costs.

DLW, doubly labeled wateFEMR, field metabolic rateTAL, time—activity laboratoryHc, energy cost of cold defenddn, energy cost of
heat defensd)EE, daily energy expenditure.
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activity-generated heat substitutes for thermoregulatorglso offer verdins protection from extreme daytime weather.
requirements wheffes is less thanTic did not improve the Several periods of inclement weather — high winds, rain or sleet
correspondence of individual valug3<0.71) but did produce and temperatures near freezing — allowed us to observe verdin
population mealEE estimates that were slightly closer to thebehavior during storms. On two such occasions, we found
measuredMR (Table 4). We take this as further evidence thawerdins in their roost-nests in the middle of the day. Moore
exercise thermogenesis substitutes for thermostatic costs ([(h965) reported finding a female verdin in a roost-nest during
small birds (e.g. Paladino and King, 1984; Webster and sleet storm which coated the nest with ice. W. K. Taylor
Weathers, 1990) and thus emphasize in our analysé€personal communication) observed verdins in Arizona
thermoregulatory cost estimates based on the substitdiie entering their nests upon the onset of a summer thunderstorm.
model. We rarely saw verdins actively foraging in the rain or when

winds were high, but even on cold days they became active

Energy cost of thermoregulation again as soon as the weather improved.

In winter, when activity and cold stress were coincident, Summer roost-nests are less substantial than winter nests,
thermoregulatory requirements for cold defertdg (made up  but nevertheless serve to reduce the verdins’ energy cost for
between 10.4 and 37.5% &EE (19.5+2.1%). By using cold defense. Summertime temperatures in the Colorado desert
activity-generated heat to replace otherwise neceskary are high during the day (Fig. 1B), but at night they typically
(Table 4), verdins apparently reduce the energy cost dall below the verdin’s lower critical temperatuiicf of 28 °C
thermoregulation by 42%, from a predicted 10.9kJH&y  (Buttemer et al., 1987), necessitating expenditure of energy for
the additive model) to 6.3kJdady(Table 4). thermoregulation. Summertime thermoregulatory costs for

Thermoregulatory costs would have been even higher weld defense Hc) make up 9.0+0.4% oDEE. Because
it not for the verdin’s unusual habit of building and using roostsummerTes rarely was belowTic (28 °C) during the verdins’
nests year-round. Winter roost-nests, shown by Buttemer et @ctive phase, savings from activity heat substitution were
(1987) to reduce significantly overnight energy expendituregstimated to be only approximately 0.2+0.03 kJdhy or

Table 5.Avian field metabolic rate measured in winter and summer from studies that have examined seasonal changes
Field metabolic ratefMR

(kJday?)

Species Winter Summer Sta&ge Difference (%Y Reference
Little penguinEudyptula minot 1207 1788 B 48.1 Gales and Green (1990)
Long-eared owAsio otu§ 211 301 B 42.4 Wijnandts (1984)
Eurasian kestrdfalco tinnunculu$ 3 267 (2.8) 261 (2.4) BM -2.2 Masman et al. (1988)

?322(2.9) 297 (3.2) BM -7.8
ChukarAlectoris chukalr 356 (2.1) 232(1.6) -34.8 Kam et al. (1987)
Sand partridgdmmoperdix he§i 188 (2.0) 119(1.5) -36.7 Kam et al. (1987)
DipperCinclus cinclus d 257 (3.9) 219(3.1) M -14.6 Bryant and Tatner (1988)

? 199 (3.4) 174 (2.9) M -12.6
Black-billed magpidPica picd’ 4298 (2.2) 258(1.9) M -13.4 Mugaas and King (1981)

? 266 (1.8) 228 (1.5) M -16.7
Verdin Auriparus flaviceps 33.6 (2.6) 22.8(1.9) M -31.8 This study
Dark-eyed juncdunco hyemalis 70.5(2.3) 70.7 (2.3) B 0.3 Weathers and Sullivan (1993)
Yellow-eyed juncalunco phaeonotus 70.5(2.4) 70.7 (2.3) B 0.3 Weathers and Sullivan (1993)
White-crowned sparro&onotrichia leucophrys 100.4 (2.2) 85.5(1.8) B -10.1 Weathers et al. (1999)

All data are in kJ day; the value in parentheses is the multiplBbR (night-time basal metabolic rate) at that season.

Except where noted, summer data are for adults in the post-breeding phase of the annual cycle.

If not measured during the stuMRwas estimated from the equations of Aschoff and Pohl (1970).

aStage indicates condition of summer bifsbreedingM, molting.

bPer cent difference computed as (100[surwarter]/winter). A positive value indicates tHaMR increased during summer.

®Data are for non-breeding birds in July (winter) and for breeding birds during the mid chick-rearing phase. During the emegsurem
penguins foraged at sea and spent some time onBMi&multiples are omitted because of widely varying estimates of resting metabolism.

dMales and females averaged.

eTime—activity laboratory TAL) estimates for nonbreeding adults in January and adults that were either feeding nestlings or molting in
August.

fWwinter value is the average of pre- and post-rain periods.

9Winter value is for the pre-rain period only.

hThese data are derived froFAL estimates for nonbreeding adult magpies in December and late July (during their postnuptial molt).

iISummer value is for breeding adults (males and females poBM®was estimated from body mass and the data of Bakken et al. (1990).
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0.4-0.8 % oDEE. These calculations show that, even with the = Table 6.Water budgets of verdins in winter and summer

added insulation of night-time roost-nests, verdins devote Winter N=14)  SummerN=5)
significant fraction of their energy resources to maintaining——
their body temperature during summer. Gains .

The metabolic cost of heat defens&)(in the summer is Water intake gfooﬁ 3.83 2.86
much lower thanH¢ (Table 4). In summerHn averaged '\Dﬂﬁrt_]?(?rfl'c wat 0_'95 9);)65
0.25+0.03 kJ day* and accounted for only 1.0+0.1 %DEE. Total egtimated gains 478 351
This finding suggests that heat defense, by verdins and oth b \\.measured influx 3.20 3.72
desert birds, is not a significant metabolic burden and thatar  gstimated gains minus influx +1.48 021
costs of defending against heat stress manifest themselves
water, rather than energy, requirements. Our results suppc LOE\S/es ration 1.20 146
the conclusion of Dawson and O’Connor (1996) thal Eng;o?y?,vater lo$s 299 241
...vigorous evaporative heat defense has only a minorimpa | \w.measured efflux 342 3.87

on FMR’.
) Gains and losses were estimated from our doubly-labeled water
Seasonal changes in energy use (DLW) data, from measurements of the water content of nectar and
The energy requirements of nonbreeding adult verdin arinsects, and by extrapolation of laboratory data on evaporative water
considerably higher in winter than in summer. Our analysi;lOSS (Wolf and Walsberg, 1996). We assumed that the verdins’ diet
of energy budget components and meteorological daitconsisted of 95% insects and 5% nectar in both seasons. Body mass
supports our prediction that elevated thermoregulatoras 6.7ginwinter and 6.5g in summer. , ,
requirements increas&MR in winter. In Table 5 are an the summer, ms(t)ects we coI_Iected_ from f_ohage where verdins
assembled data from all studies to date that have measu'foraged cor:talned 68 % water (eight vials of insects coILected and
seasonal changes FMR or DEE in birds. These same data dried at 50 C_had mean &E.rv_l. yvater content of 6_8.210.1_ %). We
. ) assumed that insects had a similar water content in the winter. Nectar
were reviewed by Dawson and O. Connor _(1996) aNGyas assumed to be 80 % water (Bell, 1990).
Weathers and Sullivan (1993), but their emphasis was on tt byjetabolic water was estimated by multiplying food intake,
energy costs of reproduction (because breeding birds aderived from field metabolic rat€IR) data and the caloric content
more amenable t®LW methods). Bryant (1997) used data of the diet, by 0.49 migdry matter. This figure was derived from
for 58 species in an allometric analysisFofR, including all  insect and nectar nutrient composition and the data of Schmidt-
stages of the annual cycle. We selected from the availabNielsen (1990) on oxidative water produced by the metabolism of

data those seasonal studies that demonstrate primarVvarious foodstuffs.
weather. rather than behavior. effectsFMIR. CExcretory water loss was estimated from the difference between

In verdins, chukarAlectoris chukarKam et al., 1987) and €fflux and evaporative water loss.

sand partridge Ammoperdix heyi Kam et al.,, 1987), a
significant decrease IRMR occurs from winter to summer. A sweep net samples yielded a representative population of
similar but less marked reduction FVIR was measured in insects and spiders, the average mass of one typical Colorado
black-billed magpiesRica pica Mugaas and King, 1981), desert foliage-dwelling arthropod is approximately 10mg.
kestrels (Masman et al., 1988) and dipp@m¢lus cinclus  Verdins in winter must, therefore, find and eat 540 spiders,
Bryant and Tatner, 1988). Long-eared owlsi¢ otus insects or larvae daily. In 8.7 h of foraging time, verdins in the
Wijnandts, 1984) and little penguinBydyptula minor Gales  winter must capture approximately one prey item per minute.
and Green, 1990) show a large increasEMR from winter ~ Reduced thermoregulatory costs, higher insect abundance and
to summer, but these (summer) data were recorded from birtinger days may reduce the intensity of foraging required for
feeding nestlings. energy balance in summer. We estimate that, in the summer,

Despite the uncertainties of extracting patterns from thgerdin daily food intake includes approximately 3.8g (fresh
breeding-to-nonbreeding variation MR that exists among mass) of arthropods and 0.3g of nectar. This corresponds to
bird species so far studied (Weathers and Sullivan, 1993pproximately 380 typical arthropods each day and a capture
Dawson and O’Connor, 1996; Bryant, 1997), it seems cleamte (assuming 5.7 h of foraging; Austin, 1978) of 1.1 insects
that in most species nonbreeding adiMR is higher during  per minute. Evidently, verdins are able to reduce foraging time
winter than in summer. We infer from this that there is indeeih the summer, but their rate of energy intake from foraging
a significant daily cost of thermoregulation for cold seasomloes not differ greatly between the seasons (4.0kirh
survival in temperate-wintering birds. summer, 3.9 kJH in winter; based on data from Tables 2 and

3).
Food and water intake Taylor (1971) and Rosenberg et al. (1991) found that verdin

We used ouFMR data to estimate the food intake of verdinsstomachs contained mostly arthopods, mainly lepidopteran
during summer and winter. In winter, verdins must procuréarvae and adult Homoptera and Coleoptera. Our foraging
approximately 5.4¢g (fresh mass) of arthropods and 0.5g abservations indicated that verdins found food mainly by
nectar daily to meet their energy needs. Assuming that ogleaning the live foliage of palo verde trees (Webster and
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Weathers, 1990). In winter, but not in summer, we occasionallpLW
saw verdins pecking at palm frulV@shingtoniaspp.) in the DEE
Living Desert Reserve arboretum located near our study area.
We often saw verdins gleaning in and around flowersEFMR
especially of palo verde, in February and March. Plant
material, including seed pods of mesquite, palo verde andact
ironwood Qlnya tesoty may comprise a greater proportion of
the verdin diet in winter (Taylor, 1971). The stomachs ofHc
verdins that we collected in winter contained mostlyHn
Cercopidacae (spittle bug) larvae and the legs and elytra of
adult curculionid weevils. Rosenberg et al. (1991) reported that
verdins in the lower Colorado River valley ate mostly scaley’
insects, aphids, caterpillars and jumping spiders together with
some berries. re
TheFMR of two independent juveniles was higher (25.8 and
25.9kJdayl) than that of adult verdins (Table 3). This is
consistent with the data of Weathers and Sullivan (1989), wh'
showed that juvenile yellow-eyed juncos had a higidR  rpest
than adults because of their lower foraging proficiencyrt
Dependent juvenilesNES) that were captured with an adult
female had a much lowgfFMR (18.1+0.85kJdayt). This  ry’
result, along with the observation that they lost only 3.7+1.1 %
of their initial body mass, suggests that the dependent juvenil@&MRy
were less active than adults and that they were being
provisioned by a parent. SDA
Water turnover by free-living verdins was 16 % higher in
summer than in winter (Table 6). Summer water influxtq
measures were consistent with the assumption that verdin megt
their summertime energy needs by consuming mainly arthopotAL
prey containing 68 % water. Water influx was surprisingly lowTa
in winter (Table 6), however, indicating that verdins wereTy
probably eating drier foods (arthropods or plant material witfTe
less water) at that time of year. In neither season were influkes
rates high enough to indicate that verdins drank water, whichc
they are not known to do (Miller and Stebbins, 1964; Taylory
1971; Weathers, 1988). Vo
The water economy indéWEI (Nagy and Peterson, 1987) WEI
of verdins ranges from 0.08 to 0.21 mtkJFig. 4). Higher

doubly labeled wateBHH80O

total daily heat production (kJ da&y estimated by
TAL analysis

field metabolic rate (kJ dad) of free-living birds,
measured usinLW

energy cost of activity, including all categories
mentioned in Table 2

energy cost of thermoregulation during cold defense

energy cost of thermoregulation during heat defense

whole-body (tissue plus coat) thermal resistance
(snTY) in free convection conditions

whole-body thermal resistance (sinestimated for
field wind conditions

equivalent resistance (s in still air, computed as
the parallel sum of the radiative and boundary-
layer resistances to heat loss

equivalent resistance (s H at field wind speed

nest thermal resistance

total thermal resistance (sHin free convection
conditions

total thermal resistance (s estimated for field
wind conditions

metabolic rate (kJ#) of fasted birds resting in the
dark during the active phase

specific dynamic action or the heat increment of
feeding

duration of active phase of daily cycle

duration of rest phase of daily cycle

time—activity laboratory model for computing DEE

air temperature (°C)

body temperature (°C)

operative temperature (°C)

standard operative temperature (°C)

lower critical temperature (°C)

wind speed

rate of CQ production (mlgth1)

water economy index

values forWEIl occurred in summer, reflecting the loweviR This paper is dedicated to the memory of Professor James
and relatively higher water efflux at that season. Nagy anf. King, whose enthusiasm and insight inspired a generation
Peterson (1987), who developed this index for use as a measuoife environmental physiologists. The staff of the Living
of animal water economy, suggest that desert birds have esert Reserve in Palm Desert, CA, USA, especially Karen
lower WEIthan birds inhabiting more mesic habitats. Our dat&Sausman and Terrie Correl, are gratefully acknowledged for
support this hypothesis, as do the data of Williams et al. (1998)eir kind and enthusiastic cooperation. Al Muth, director
for ostriches $truthio camelus The correlation betwedWEI  and the staff of the Phillip Boyd Deep Canyon Research
and Tes that we observed for verdins suggests adjustments &tation, assisted us with logistics and lodging. Karen
their water economy (i.e. reduced evaporative water losgrickson, Erick Greene, Don Powers and Anne Kjemtrup
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1991) to accommodate the potentially dehydrating summehank Mary E. Murphy for helpful discussion. This study
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