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ABSTRACT.—We examined the regulation of plasma osmolality (P,.,), hematocrit (HCT),
and urine osmolality and sodium concentration in laboratory-housed and free-living House
Sparrows (Passer domesticus). Plasma osmolality (mean value = 352 mmol/kg) was quite tightly
regulated both within (coefficient of variation [c.v.] = 1.9%) and among (c.v. = 1.7%) indi-
viduals maintained on commercial poultry chow in the laboratory. Hematocrit (mean = 0.48)
was more variable (c.v. was 7.4% within individuals, 6.9% among individuals). Plasma os-
molality, urine osmolality, and hematocrit all increased following 24-h dehydration. Switch-
ing from a seed (low sodium) to a cricket (high sodium) diet had no effect on P,,,, HCT, or
urine sodium, but urine osmolality increased. In wild House Sparrows both P,,,, (c.v. = 3.6%)
and HCT (c.v. = 9.1%) were more variable than in the laboratory, though mean values (341
mmol/kg and 0.50, respectively) did not differ significantly between the laboratory and field.
In wild birds, P, and HCT were negatively correlated, and U,,,, positively correlated, with
ambient temperature. However, osmoregulatory condition of individual birds may vary

throughout the year. Received 27 July 1989, accepted 23 January 1990.

OSMOREGULATORY homeostasis is an impor-
tant physiological requirement in free-living
animals. In birds, osmoregulation involves the
actions of skin, respiratory tract, intestines, and
kidneys in defense of several regulated vari-
ables, including plasma osmolality and volume.
The ability to identify conditions when osmo-
regulatory homeostasis is not achieved —that is,
when the defended physiological variables de-
part from their normal set points—could be
a means to identify periods of environmental
stress. To achieve this, one must first define the
normally regulated levels for the particular
variables, and then measure these in the field.
Measurements of the functional state of the con-
trolling organ systems can contribute further to
defining physiological condition in the field.

We examined variation in plasma osmolality
(P..) and hematocrit (HCT) in House Sparrows
(Passer domesticus) maintained in standardized
laboratory conditions and in the field. Plasma
osmolality is closely regulated in birds. Small
increases in P . will stimulate antidiuretic hor-
mone secretion (Stallone and Braun 1986, Gray
and Erasmus 1989) and drinking (Kaufman and
Peters 1980). Dehydration-induced changes in
P, are quickly restored when birds regain ac-
cess to water (Takei et al. 1988). Variations in
hematocrit, at least in the short term, are in-
dicative of changes in blood volume (Takei et
al. 1988). Given adequate waterand electrolytes,
one would therefore expect these variables to
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be maintained at quite constant levels in an
individual. Similarly, one might expect that the
conditions would vary relatively little among
individuals. If so, then these variables could
serve as useful indices to the hydrational state
of wild individuals.

We were interested in examining three com-
ponents of variability in P, and HCT. These
were temporal variation within individuals in
controlled environments, variation among in-
dividuals in those controlled environments, and
temporal and interindividual variation in pop-
ulations of wild birds. In addition, we measured
urine osmotic and sodium concentrations in
many individuals. These parameters might be
expected to vary as the birds defend plasma
osmolality in response to changing dietary or
environmental osmoregulatory challenges. Our
objective was to define the range of variability
of these parameters under controlled laboratory
conditions, and to provide an interpretive
framework to assess changing osmoregulatory
demands on wild House Sparrows.

METHODS

Laboratory studies.—We captured House Sparrows
(Passer domesticus) by mist net in Greene County, Ohio,
from populations in rural agricultural areas with scat-
tered residences. Birds were transferred to the labo-
ratory and maintained two or three to a cage at 23°C.
Water and commercial chicken mash were provided
ad libitum. Measurements were made after a minimum
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TABLE 1.
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Variation in plasma osmolality (P,,,) and hematocrit (HCT) of House Sparrows maintained for 2

weeks at 23°C and eating commercial bird chow. Data are based on 5 samples collected from each of 15

individuals.
Within individuals
Range Coefficient of variation® Among individuals®
Min Max x Min Max x b4 Range cv.
P, (mmol/kg) 8 28 145 1.0 3.2 1.9 352 32¢ 17
HCT 0.04 0.13 0.09 3.5 123 7.4 0.48 0.11 6.9

*cv. =100 x (SD/x).

® Calculated from one value selected at random from each individual; see text.
¢ Minimum and maximum values of P,,,, were 340 and 372 mmol/kg, respectively.

of 5 days in captivity. Every 3-4 days for 14-17 days,
birds were weighed (to the nearest 0.1 g, Mettler top-
loading balance) and blood samples were taken by
puncture of a brachial vein for analysis of osmolality
and hematocrit. All samples were collected between
1300 and 1430. In one group, we withdrew all drink-
ing water for 24 h in the middle of the measurement
period. This caused a transient increase in plasma
osmolality, and allowed analysis of whether or not
P, returned to the original value after disturbance.

Urine osmolalities were measured on samples (ca.
10 ul) collected both before and after dehydration.
Urine was collected by inserting a small cannula with
a closed end briefly into the cloaca. Ureteral urine
drained from the ureteral orifices into the cannula
through a window in its side. The closed cannula end
avoided contamination of urine by fluids from the
adjacent colon (Goldstein and Braun 1988).

We evaluated the influence of diet on plasma and
urine osmolalities and on sodium concentrations in
the laboratory in a separate group of sparrows. These
birds were first fed seeds (low sodium, 0.02 meq
Na'*/g dry food) and then crickets (high sodium, 0.2
meq Na/g dry food). Birds on each diet were given
water ad libitum. Blood and urine samples were col-
lected after birds had been on each diet for at least
four days.

Field studies. —House Sparrows were captured by
mist net periodically throughout the year in the same
locations as those captured for the laboratory studies.
Most sparrows were netted in the morning (0700-
1000), but some were captured at other hours
throughout the day. Ureteral urine (ca. 15 ul) was
collected (as described above) from some birds within
30 s of capture. A blood sample (50-100 ul) was col-
lected from the brachial vein of all birds. We recorded
ambient temperature, sex, body mass (measured to
the nearest 0.25 g by a calibrated Pesola spring bal-
ance), and molt condition at time of capture.

Analyses.—Blood samples were centrifuged for 3
min at 12,000 g for separation of cells from plasma,
hematocrit was recorded, and plasma was taken for
further analysis. Urine was centrifuged, and the su-
pernatant analyzed. We measured osmolality of all
fluids by vapor pressure osmometry (Wescor 5500).
The storage of samples in heparinized capillary tubes

had no measurable influence on sample osmolality.
Sodium concentrations were measured in some sam-
ples by an ion-specific electrode (Corning). When
sample size permitted, analyses were done in dupli-
cate. Osmolality and sodium standards were pro-
cessed along with each set of samples.

All statistical analyses were performed using a mi-
crocomputer-based statistical package (CRISP). Statis-
tical differences were assumed significant if P < 0.05.
Data are reported as ¥ = SD.

RESULTS

Variation within individuals in the laboratory.—
Plasma osmolalities of individual House Spar-
rows varied somewhat over the 2-week in-lab-
oratory measurement period (Table 1). After a
transient increase in P, caused by 24-h de-
hydration (see below), plasma osmolality re-
turned to a value not different from that mea-
sured before dehydration (mean difference was
-1.7 mmol/kg).

Hematocrit (HCT) was more variable than
plasma osmolality, with a mean within-indi-
vidual coefficient of variation of 7.4% (Table 1).
We detected no significant difference in HCT
before and after dehydration in birds that were
dehydrated, and there was no consistent pat-
tern of change in HCT over the course of the
measurement period. We conclude that blood
sampling did not influence plasma osmolality
in a significant way.

Effects of dehydration and diet.—Dehydrated
House Sparrows lost weight rapidly (¥ = 3.9 +
0.8 g, or 14.8% of body mass, lost in 24 h) and
experienced significant rises in P, (¥ = 41.8 +
8.5 mmol/kg) and HCT (¥ = 0.028 + 0.032).
Urine concentrations changed from hypoos-
motic (225 + 43 mmol/kg) while the birds were
fully hydrated to strongly hyperosmotic after
they had been dehydrated for 24 h (Table 2).
The maximum urine osmolality measured was
920 mmol/kg.
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TABLE 2. Effect of 24-h dehydration and diet on blood and urine composition in House Sparrows. Values
are mean + SD (n); asterisk indicates significant difference (P < 0.05) between seed and cricket diets.

Diet

Commercial, dehydrated

Seed Cricket

Plasma osmolality (mmol/kg) 396.6 =73 (7)
Hematocrit 0.51 + 0.04 (7)
Urine osmolality (mmol/kg) 774.8 + 136.5 (5)

Urine sodium (meq/1) —

343.6 + 10.2 (7)
0.52 + 0.04 (7)

271.0 + 88.1 (6) *
99.2 + 57.4 (6)

347.1 + 8.0 (7)
0.51 + 0.07 (7)
401.2 = 90.6 (6)
113.8 + 59.1 (6)

Switching diet from seeds to crickets pro-
duced no significant changes in hematocrit,
plasma osmolality, or urine sodium concentra-
tion. The urine osmolality was elevated signif-
icantly on the cricket diet (Table 2). The regres-
sions of urinary sodium on osmolality (Fig. 1)
were not significantly different on the two diets
(ANCOVA).

Variation among laboratory individuals. —We
found little variation in the mean value for plas-
ma osmolality among individuals fed the com-
mercial diet in the laboratory (Table 1). The
coefficient of variation (c.v.)among individuals,
based on mean values of P, for each individ-
ual, was 1.0%. This value was slightly higher
(1.7%) when calculated from single randomly
selected values from each individual, a situation
that more closely resembles the field sampling
protocol (in which we took single samples from
individuals). For individuals who ate seeds (c.v.
= 3.0) and then crickets (c.v. = 2.3%), the coef-
ficients of variation among individuals were
slightly higher. The among-individual coeffi-
cient of variation calculated from mean values
for individuals was 1.2%.

Hematocrit among individuals varied simi-
larly as within individuals. The coefficient of
variation was 6.9%, whether calculated from
mean values or from randomly selected values.

Blood and urine concentrations in free-living House
Sparrows.—The range (306-397 mmol/kg) and
the coefficient of variation (3.6%) of P, mea-
sured in wild birds exceeded those measured
under laboratory conditions. The overall mean
P, in wild birds (341.0 £ 12.4 mmol/kg) did
not differ significantly from that of hydrated
sparrows in the laboratory. Plasma osmolality
was higher in April than in January, March,
and May-October, and was higher in Novem-
ber than in August (Fig. 2). Plasma osmolality
correlated inversely with ambient temperature
(n =180, r = —0.22, P < 0.005).

Hematocrit, like plasma osmolality, varied
more widely in wild than in laboratory-housed

sparrows (overall £ = 0.50 + 0.045, c.v. = 9.1%).
Significant differences occurred among months
(Fig. 2): January > April, July, and August;
March > April and July-October; November >
July and August. Hematocrit was negatively
correlated with temperature (n =177,r= —0.35,
P < 0.001), and positively correlated with plas-
ma osmolality (n = 177, r = 0.14, P = 0.05).

Urine osmolality in wild sparrows ranged
from 132 mmol/kg to 658 mmol/kg. Urine os-
molality was positively correlated with ambient
temperature (n = 84, r = 0.21, P < 0.05) but was
not correlated significantly with plasma os-
molality. Urinary sodium varied substantially
in the field (2.6-179 meq/l). Overall, we found
no significant differences among months for
either urine osmolality or sodium concentra-
tion, and these variables were not significantly
correlated with monthly rainfall (data from the
National Weather Service). However, urine os-
molality was significantly higher in June and
July, two particularly dry months during the
1988 drought, than in June 1989, a particularly
wet month (Fig. 2). Urinary sodium correlated
significantly with urine osmolality in wild birds
(Fig. 1). The equation defining this relationship
did not differ significantly from those describ-
ing the laboratory data for birds on cricket or
seed diets.

We found no differences between sexes, and
no significant effect of time of day, for any of
the variables measured.

DiscussioN

Plasma osmolality is usually considered a pri-
mary regulated variable in birds. We confirm
that, under constant environmental conditions,
House Sparrows regulate their plasma osmo-
lality within a narrow range, both within and
among individuals. Plasma osmolality was not
affected by dietary sodium content, at least
within a range of sodium contents that would
reasonably be encountered in the wild. How-
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Fig. 1. Urine sodium concentration and osmolal-

ity for House Sparrows on two diets in the laboratory
and for wild birds. Lines are least squares linear
regressions for each group. Equations describing the
data are as follows: Uy, = 0.46U,,,, — 33.6,n=6,7 =
0.96 (seed diet); Uy, = 0.36U,,,, — 424, n=6,r = 0.80
(cricket diet); Uy, = 0.14U,,, — 1.4, n = 47, r = 0.54
(wild birds).

ever, as seen in another population of House
Sparrows (Goldstein and Braun 1988), the birds
were quite susceptible to dehydration, and plas-
ma osmolality rose rapidly following removal
of water.

In Tucson, Arizona, House Sparrow popula-
tions are year-round residents in a very hot cli-
mate, and it might be expected that their os-
moregulatory systems have either adapted or
acclimated to this environment. The plasma os-
molalities in Ohio birds (355 mmol/l) were ac-
tually somewhat higher than in Arizona birds
(327-342 mmol/l), and urine osmolalities on a
seed diet were lower in the Ohio birds (Gold-
stein and Braun 1986, 1988). Ohio sparrows ap-
peared less able to maintain balance during de-
hydration than Arizona birds. Ohio birds lost
body mass faster (3.8 g [14.8%] vs. 2.2 g [9.8%]
per 24 h) and had a more rapid increase in plas-
ma osmolality (41.8 vs. 33.3 mmol/kg in 24 h)
than those from Arizona (Goldstein and Braun
1988). This occurred in the absence of a signif-
icant difference in urine concentrating ability
between the populations.

Hematocrit (HCT) in the laboratory was much
more variable than plasma osmolality. This is
consistent with studies that demonstrated that
plasma osmolality is more strictly regulated in
birds than is blood volume during periods of
changing fluid balance (Takei et al. 1988). Dur-
ing short-term variations in hydration, HCT is
highly correlated with changes in plasma vol-
ume, as extracellular fluid is lost while blood-
cell volume remains essentially unchanged
(Takei et al. 1988). However, in the longer term,
other variables may influence HCT, including
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age (Gilbert 1969), sex (Sturkie and Newman
1951), and stage of molt (deGraw and Kern 1985).
We found no significant difference between the
sexes in the birds studied, and no individuals
in the laboratory were molting at the time. It is
not clear what other factors might contribute
to variation in HCT within individuals. For ex-
ample, variation may simply reflect drinking
before we collected blood samples.

As expected, the change in diet from seeds
to insects had no significant effect on plasma
osmolality. We were surprised that urine os-
molality was affected by the change, and that
urine sodium concentration was not. In a steady
state, sodium intake should equal sodium ex-
cretion, and we expected that an increased so-
dium intake from the cricket diet would in-
crease urinary sodium concentration. The
absence of this response may reflect variation
in urine flow rate, which together with sodium
concentration determines the urinary sodium
excretion rate. Independent of variation in ur-
ine flow rates, we expected that birds on the
higher sodium diet would have a greater pro-
portion of total urine osmolality accounted for
by sodium (higher slope in Fig. 1). We did not
see this effect. This could reflect different rates
of sodium absorption by the intestine in birds
on the two diets (Goldstein 1990).

The mean values in laboratory-housed and
wild birds for both plasma osmolality (P,,,) and
hematocrit (HCT) were not significantly differ-
ent, but both parameters were more variable
(higher coefficients of variation) in the field than
in the laboratory. Plasma osmolality of wild
House Sparrows was negatively correlated with
ambient temperature. It is clear that ambient
temperature relates only to broad climatic
changes, not the microclimate impinging on the
birds, and this variable explains only a small
percentage of the variation in P,,. Neverthe-
less, the correlation is highly statistically sig-
nificant. There are two possible explanations.
First, the changing P, may reflect a changing
hydration state. This implies that there is great-
er hydrational stress for the House Sparrows
during the colder months. This certainly is pos-
sible as free water may be largely unavailable
during cold spells when drinking water and
insects are scarce. Nevertheless, the mean os-
molalities in both the highest and the lowest
temperature ranges were lower than those mea-
sured in the laboratory. We cannot say that P,
in winter was elevated above the normally reg-
ulated set point. The second possible reason for
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the correlation may be that P, changed with
age. Plasma levels of sodium and chloride
(Hughes 1984) and osmolality (Grabowski 1967)
change toward adult levels in young post-
hatching gulls (Larus glaucescens) and chickens
(Gallus domesticus). Plasma osmolality correlated
negatively with temperature in our study. The
highest temperatures occurred in summer, a time
of year when many of the captured House Spar-
rows were first-summer juveniles. However, we
are not aware of evidence that plasma osmo-
lality actually is age-related in young passer-
ines. We found no significant difference be-
tween birds classified as juveniles and adults,
though we could not accurately age juveniles.
In two other studies of seasonal variation in
plasma osmolality, neither found any signifi-
cant pattern of variation (Vleck 1984, Rooke et
al. 1986).

Hematocrit, like plasma osmolality, correlat-
ed negatively with ambient temperature. This
parallel pattern might suggest a common cause,
and the explanations could be similar. Hemat-
ocrit changes rapidly with changes in hydration
state (Takei et al. 1988), and HCT may change
with age (Gilbert 1969). However, other influ-
ences may also affect HCT. As in House Spar-
rows, HCT in Dark-eyed Juncos (Junco hyemalis)
increased in winter, possibly associated with

increased oxygen-carrying capacity during times
of high tissue oxygen demands (Swanson 1988).
Hematocrit in free-living birds may also vary
with the onset of molt (deGraw etal. 1979), with
periods of general physiological stress (Rooke
et al. 1986), or with changes in total body water
(Rooke et al. 1986). We found no difference in
HCTs of molting and nonmolting birds. We have
no evidence bearing on these other factors. We
found no significant differences between HCTs
of male and female House Sparrows.

Whereas P, and HCT are regulated vari-
ables, urine osmolality and sodium concentra-
tion would be expected to vary as demands on
the osmoregulatory system changed. In contrast
to the blood variables, urine concentration was
positively correlated with ambient tempera-
ture. The highest values were recorded during
dry days in summer. The measured variability
in urine osmolalities (including the absence of
a significant correlation with monthly rainfall
and the presence of hypoosmotic urines even
during the driest times) may relate to variation
in drinking before we sampled. Nevertheless,
conspicuous water supplies were not available
near (ca. 0.5 km) the capture site, and we would
expect the physiological condition of at least
individuals that did not recently drink to reflect
the osmoregulatory demand of the environ-
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ment. Consistent with this, birds sampled in
October-April, with few (15%) exceptions, pro-
duced hypoosmotic urine. This was true also in
June 1989, a very wet month when all birds
sampled had hypoosmotic urines. In contrast,
40% of birds in June and July 1988, a particularly
dry summer, had hyperosmotic urines. Even
with unlimited water, urine concentration may
change with diet. Still the temperature-related
variation in urine osmolality may reflect en-
hanced demands for water conservation during
the hot, dry months. Increased urine (voided
cloacal fluid) osmolalities during such times
were reported in the Curve-billed Thrasher
(Toxostoma curvirostre) in the Sonoran Desert
of Arizona (Vleck 1984).

Data on urine concentrations reinforce the
view that the inverse relationships between P,
and HCT vs. temperature do not reflect in-
creased osmoregulatory stress during the colder
months. To the contrary, months that are hot
and dry appear to impose the greatest demands
for water conservation, as might be expected.
Seasonal changes in P,,, and HCT may reflect
the combined influences of temperature, age,
and oxygen demand, or perhaps other as yet
unidentified factors. It seems that osmoregula-
tory stress (values for regulated variables out-
side of their normal range) was rare in the an-
imals we studied. In particular, excessively high
(>380 mmol/kg) values of P, were quite un-
usual. The highest and lowest values for plasma
and urine osmolality occurred scattered through
the year, and the highest urine osmolalities
measured were close to the values obtained in
the laboratory under conditions of acute de-
hydration. Even in the absence of a generally
stressful environment, physiological condition
of individual birds may vary depending on their
particular interactions with the biotic and abiot-
ic environment.
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