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ABSTRACT Birds may dramatically increase their food intake during migratory periods or
during winter. We tested the hypotheses that when birds are hyperphagic, (a) their digesta reten-
tion time and extraction efficiency will not change compared with that of birds feeding at reduced
rates, (b) their total capacity for breakdown and absorption of nutrients will increase, and (c) the
mechanism responsible for the increase in total capacity will be an increase in amount of intestine
rather than an increase in intestinal tissue-specific enzyme activity or nutrient transporter activ-
ity. We measured gut anatomy, retention time of digesta, enzyme hydrolysis rates, nutrient ab-
sorption rates, and digestive efficiency in individual cedar waxwings (Bombycilla cedrorum)
acclimated to —20°C or +21°C. Compared with cedar waxwings held at +21°C, waxwings accli-
mated to —20°C more than tripled their daily food intake. Mass of digestive organs increased by
292-53%, but rates of enzyme activity and nutrient uptake per unit of small intestine did not
change significantly. Retention time of digesta declined slightly, and there was a small decrease in
digestive efficiency. As predicted, the main adjustment to increased energy requirements and food
intake was an increase in gut length, mass, and volume which largely compensated for increased
digesta flow at high intake rates. However, we detected a small reduction in retention time and
digestive efficiency in waxwings with high intakes which suggests that these waxwings may be
unable to further increase their gut size (i.e., that the increase in gut size was maximal). If adjust-
ments involving gut size require weeks of acclimation time, migration patterns and the pace of
migration in birds could be influenced by time required for preparation of the gut. J. Exp. Zool.
283:394-407, 1999. © 1999 Wiley-Liss, Inc.

Birds may dramatically increase their food in-
take to satisfy the high energy requirements of
migration (Blem, ’76, '90; Bairlein and Simons,
’95; Berthold, ’96) and to offset the higher ther-
moregulatory costs during exposure to cold tem-
peratures (Dawson et al., ’83; Karasov, ’96). The
energetic gains realized by a bird when it eats
more depend on interactions between food intake
rates and digestive efficiency. For example, if the
" absorptive surface of the gut or its capacity for
absorption does not change when a bird eats more,
then the increased flow of digesta may cause di-
gestive efficiency to decline and thereby directly
discount the potential energetic gains provided by
hyperphagia.

The main digestive adjustment to increased food
intake that has been described in birds is in-
creased surface area and volume of the gut (Sa-
vory and Gentle, 76a,b; Savory, '86; Dykstra and
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Karasov, ’92; Piersma et al., ’93; Karasov, '96;
Piersma and Lindstrom, ’97). Few studies have
addressed whether such changes in the gut com-
pensate for the potentially negative effects of in-
creased food intake on digestive efficiency (e.g.,
Savory, "86; Dykstra and Karasov, '92). Even fewer
studies have examined the occurrence or signifi-
cance of other possible digestive adjustments to
increased food intake, such as increased activity
of enzymes or nutrient absorptive mechanisms
(Jacobs et al., ’75; Dykstra and Karasov, 92). No
study has simultaneously measured adjustments
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in gut anatomy, retention time of digesta, enzyme
hydrolysis rates, nutrient absorption rates, and di-
gestive efficiency in response to increased food in-
take (see Karasov, '96; Piersma and Lindstrom, "97
for recent reviews). Only by using such an integra-
tive approach can we begin to understand impor-
tant interactions between digestive adjustments or
plasticity and their ecological consequences.

We use a simple integrative model of digestion
(Karasov, '96) to generate some predictions about
how digestive features might respond to increased
food quantity:

(digesta retention time) *

. ; . i t
digestive efficiency oo Eepcton Tabes)

(volume of digesta) *
(nutrient concentration)

This model suggests that digestive efficiency is posi-
tively influenced by longer retention time of digesta
in the gut and higher reaction rates (including di-
gestive enzyme hydrolysis rates and nutrient ab-
sorption rates). Alternatively, the model suggests
that digestive efficiency is negatively influenced by
increased volume of digesta (as would occur with
increased food intake) or increased concentration
of nutrient per unit volume of digesta (which is re-
lated to food quality). An implicit assumption in this
model is that there is little spare capacity in these
digestive features. For example, if diet quality in-
creases so that concentration of nutrient increases,
the model assumes that digestive efficiency will de-
cline unless compensatory changes occur in digesta
retention or reaction rates. Perhaps most important,
the model shows explicitly how these digestive fea-
tures may interact and influence digestive efficiency
and thus provides a conceptual framework from
which to evaluate digestive system function in an
integrated fashion.

We can use this model to generate predictions
about how the gut might respond when an ani-
mal increases its food intake. Without any com-
pensatory changes in other features, when food
intake increases then digesta flow increases, and

- retention time decreases [i.e., retention time oo vol-
ume of digesta (ml)/digesta flow (ml/min) (Karasov,
'96)]. Consequently, increased food intake will re-
sult in decreased digestive efficiency if there is
no modulation of digestive features. However, the
increased flow of digesta might be compensated
for in a number of ways that would maintain di-
gestive efficiency: for example, if the gastrointes-
tinal tract lengthens, then the retention time of
ingested food particles may not change and di-
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gestive efficiency could remain constant. Alterna-
tively, if the gut doesn’t enlarge and retention time
of digesta shortens, if enzyme hydrolysis rates and
absorption rates increase then digestive efficiency
could remain constant.

We predicted that cedar waxwings would adjust
to high food intakes mainly by enlarging the gut
rather than by increased tissue-specific reaction
rates. Specifically, we tested the hypotheses that
when waxwings are hyperphagic (a) their digesta
retention time and extraction efficiency will not
change compared with that of birds feeding at re-
duced rates, (b) their total capacity for breakdown
and absorption of nutrients will increase, and (c)
the mechanism responsible for both (a) and (b) will
be an increase in amount of intestine rather than
an increase in intestinal tissue-specific enzyme ac-
tivity or nutrient transport activity. We simulta-
neously measured gut anatomy, retention time of
digesta, enzyme hydrolysis and nutrient absorption
rates, and digestive efficiency in cedar waxwings
acclimated to —20°C or +21°C. Cold-acclimation is
an ecologically relevant way to increase food intake
in cedar waxwings because the waxwing is a com-
mon latitudinal migrant that spends the winter in
northern regions of the United States (Bent, '50;
American Ornithologists’ Union, '83).

MATERIAL AND METHODS
Capture and maintenance of birds

Six of the 20 cedar waxwings used in this study
were captured in Gainesville, Florida (29° 41" N,
82° 16" W) and sent to us on August 8, 1994. We
captured the other 14 cedar waxwings on Septem-
ber 30 — October 1, 1994, in Madison, Wisconsin
(43° 8 N, 89° 20" W) using mistnets. Birds were
immediately weighed and banded and then housed
individually in stainless-steel cages (60 x 45 x 33
cm) under an initially constant light cycle (12L:
12D, lights on at 700 hours) and temperature
(21°C). All birds were acclimated to a banana-
mash diet (Denslow et al., ’87) that has been used
successfully for maintaining cedar waxwings and
other frugivorous passerines in good health in the
laboratory (Levey and Karasov, '89; Martinez del
Rio et al., '89; Karasov and Levey, '90).

Temperature and diet acclimation prior
to the experiment

On October 10 we randomly assigned 11 birds
to a cold-acclimated group and 9 birds to a con-
trol group. Birds captured in Florida and Wiscon-
sin were evenly distributed between treatment
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and control groups. All 20 birds continued on the
same daily light schedule (12L:12D). For control
birds, the ambient temperature was kept constant
at 21°C. For cold-acclimated birds, the ambient
temperature was gradually decreased over 30 d
using the following schedule: from 21°C to 1°C
over 10 d (=2°C d7"), held constant at 1°C for 10
d, then from 1°C to —20°C over 10 d (-2°C d™').

On November 18, we acclimated all birds to a
new semisynthetic diet (see McWilliams and
Karasov, '98) that simulated a fruit diet in nutri-
ent content (65% carbohydrate:13% protein:6% fat
by dry mass). Cedar waxwings select fruits that
contain relatively low lipid and high carbohydrate
(Witmer, '96) as in the diet we formulated. The
use of such a semisynthetic diet makes the com-
position of the diet less ambiguous than diets com-
pounded from raw foodstuffs (see also Murphy and
King, '82).

Feeding schedules and experimental design

Birds were always presented with fresh food and
water each day at 0930-1030 hours. Each day
birds were provided with excess food ensuring ad
libitum feeding conditions. For birds at —20°C, a
small hotplate was placed in each cage to keep
the food soft and palatable. Food was placed in a
glass petri dish set in a clay saucer that evenly
distributed the heat from the hotplate. A wooden
perch attached to each hotplate enabled birds to
eat while avoiding direct contact with the hotplate
or clay saucer. Once each day we supplied birds
in the cold with hot tap water in a plastic petri
dish. This water was used by the birds mainly for
bathing. Water content of the food (75%) ensured
adequate consumption of water in their diet.

On the pretest day, food was removed at 1730
hours to ensure that birds would start the test
day with a small energy deficit. On the test day,
food was provided ad libitum beginning at 0700
hr. Then, food intake, retention time, and extrac-
tion efficiency of 10 cold-acclimated and 8 room
temperature-acclimated birds were measured dur-
ing a 4-5 hr test period that began at 1330 hr
when the bird ingested about 0.5 g of diet con-
taining radiolabeled nutrient and marker (see be-
low). Food intake on a dry matter basis was
estimated by drying subsamples of food collected
at the start and end of the test period. We mea-
sured food intake, retention time, and extraction
efficiency in only 10 of 11 treatment birds and 8
of 9 control birds because we always tested two
birds simultaneously in side-by-side special obser-

vation cages (see description later in this article)
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which required an even number of test birds. Ce-
dar waxwings are*quite social birds and appear
to behave normally as long as they have visual
contact with a conspecific.

Tests on all 18 birds were conducted between
December 9, 1994, and January 5, 1995. All birds
were tested twice: one trial was used to measure

 extraction efficiency of glucose, and the other trial

was used to measure retention time of digesta.
Test days were always separated by at least 1 and
usually 2-3 d.

Retention time and extraction efficiency

Special observation cages were used to reduce
behavioral stress associated with our presence
while the birds were observed and their excreta
collected (see Afik and Karasov ['95] for full de-
scription). Most importantly, the cages were ex-
actly the same as their regular cages except that
the front door had one-way glass for observations
and we placed a roll of plastic-coated paper (VWR
Scientific Products, cat. no. 54110-527, S. Plain-
field, NJ) on a roller so that sheets of paper could
be pulled across the cage’s floor to collect excreta
with minimal disturbance to the birds. All birds
were housed in these cages for at least 1 d before
the test day. This one-day minimum acclimation
period seemed adequate because food intake was
similar on pretest and test days.

Retention time of digesta was measured using the
inert marker ['*C] ferrocyanide (FeCN). Extraction
efficiency of glucose was measured using the inert
marker method (Karasov et al., '86). Separate tri-
als were necessary for measuring retention time and
extraction efficiency of glucose because in a com-
panion study (McWilliams and Karasov, '98) we
found that estimates of extraction efficiency based
on tritiated nutrient underestimated actual extrac-
tion efficiency. For estimating extraction efficiency,
we used ["C(U) (uniformly labeled)] D-glucose
(American Radiolabel Chemicals Inc., St. Louis,
MO) and the inert marker polyethylene glycol ([1,2-
3H] PEG (MW 4000), DuPont NEN Research Prod-
ucts, Wilmington, DE).

Radioisotopes were mixed into warm, unhardened
food mash at a concentration of approximately 18.5
kBq of "“C D-glucose and 74 kBq of “H PEG per
gram of food mash for extraction efficiency trials
and 18.5 kBq of "*C FeCN per gram of food mash
for retention time trials (for specific methods see
McWilliams and Karasov, '98). The initially soupy
mixture was continuously stirred as it cooled and
hardened to ensure uniform labeling of food. When
only extraction efficiency was measured in a trial,
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excreta were collected 4-5 hr after ingestion of the
labeled diet. When only retention time was mea-
sured in a trial, excreta were collected singly for
the first 30 min and thereafter every 15 min for 4—
5 hr. Percent recovery of inert marker 4-5 hr after
ingestion was 88% + 11% for "H PEG and 95% +
4% for 'C FeCN (McWilliams and Karasov, '98).

Mouth-to-anus total mean retention time was
calculated as the sum of the products of the pro-
portion of inert marker excreted during each time
interval multiplied by the elapsed time since in-
gestion of marker (Warner, '81). Extraction effi-
ciency was calculated as:

100 — 100[(M¢Np * (N/M.)],

where M; is radioactivity of the inert marker
(PEG) in food, N; is radioactivity of the nutri-
ent (D-glucose) in food, N, is radioactivity of
nutrient (D-glucose) in excreta, and M, is ra-
dioactivity of inert marker (PEG) in excreta.

Parametric one-tailed t-tests were used to ana-
lyze a priori predictions regarding differences in
body mass, food intake, extraction efficiency, and
retention time between cold-acclimated and room
temperature-acclimated birds. Percentage data were
arc-sine transformed prior to analysis. Results are
given as mean + SE unless otherwise noted.

Digestive enzymes, nutrient uptake, and gut
morphometrics

Nutrient uptake rates and gut morphometrics
were measured and tissue samples were collected
for analysis of digestive enzymes in all 20 wax-
wings on January 4-9, 1995. Birds were weighed
and then anesthetized using methoxyflurane. The
gut was exposed and then cut just proximal to the
stomach and at the rudimentary caeca, cleaned of
extraneous tissue, and then placed in cold (0°C)
avian Ringer (solution composition in mM was 161
CaCl, 4.7 KCL, 2.5 CaCl,, 1.2 KH,PO,, 1.2 MgSO,,
and 20 NaHCO;). The stomach was excised,
opened, rinsed of contents, blotted dry, and then
weighed. The intestine was perfused with cold
avian Ringer. One end of the intestine was then
held against a ruler while the other end was gen-
tly pulled until the intestine was taut. After re-
lease, the length was measured. The intestine was
quickly blotted dry, weighed, and placed back in
cold avian Ringer.

Approximately 0.5 cm segments of the proximal
and distal halves of the small intestine were col-
lected for analysis of dissacharidases and pepti-
dases. Segments were placed in tared cryovials,
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weighed, and then stored in liquid N,. We measured
activity of selected membrane-bound digestive en-
zymes in whole tissue homogenates (Martinez del
Rio, '90; Martinez del Rio et al., '95). Intestinal seg-
ments were thawed and homogenized for 10 to 15
sec using an Omni 5100 homogenizer (setting 6,
Omni International, Inc., Warrenton, VA) in 350
mM mannitol in 1 mM N-2-hydroxyethylpipera-
zine-N’-2-ethanesulfonic acid/KOH, pH 7 (10 ul
per milligram wet tissue) at 0°C. Homogenates
were stored in liquid N, until enzyme (maltase,
sucrase, aminopeptidase-N) hydrolysis rates were
measured.

We assayed disaccharidase activity using a
modification of the colorimetric method developed
by Dahlqvist ('84), according to the methods of
Martinez del Rio ("90). Briefly, homogenates were
thawed at 4°C and 100 pl aliquots were incubated
at 40°C for 10 min with 100 pl of 56.0 mM sugar
(maltose and sucrose) solutions in 0.1 M maleate/
NaOH buffer (pH 6.5). After incubation, reactions
were arrested by adding 3.0 ml of a stop/develop
reagent [one bottle of Glucose-Trinder 500 reagent
(Sigma Chemical, procedure 315, St. Louis, MO)
in 250 ml 1.0 M tris(hydroxymethyl)amino-
methane/HCl, pH 7 plus 250 ml 0.5 M NaH,PO,/
Na,HPO,, pH 7 buffer]. Absorbance was measured
at 505 nm.

We measured aminopeptidase-N because it ac-
counts for all or nearly all of the peptidase activ-
ity in the brush-border membrane (Maroux et al.,
'73) and so provides a good indicator of protein
digestion at the brush-border membrane. We as-
sayed aminopeptidase-N using L-alanine-p-nitro-
anilide as a substrate for aminopeptidase-N. To
start the reaction we added 10 pl (~12 mg protein/
ml) to 1 ml of assay mix (2.0 mM L-alanine-p-
nitroanilide in 0.2 M NaH,PO/Na,HPO,, pH 7
buffer). After incubation for 20 min at 40°C, reac-
tions were arrested by adding 3.0 ml of ice-cold 2N
acetic acid. Absorbance was measured at 384 nm.

To determine pH optima for the disaccharidases
and aminopeptidase-N, we used proximal and dis-
tal tissue sections, respectively. We used a 0.05M
maleate/NaOH buffer system with pH ranging
from 5.5 to 8.0 for the disaccharidases and, a 0.2
M NaH,PO,/Na,HPO, buffer system with pH
ranging from 5.5 to 8.0 for aminopeptidase-N.

On the basis of absorbance measurements and
glucose and p-nitroaniline standards, we calcu-
lated standardized activities of each intestinal sec-
tion by dividing enzyme activity by the wet mass
of the section. Results are provided as micromoles
per minute per milligram wet tissue.
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We measured intestinal uptake of leucine as de-
scribed in Karasov and Diamond ('83). One-centi-
meter everted sleeves of intestine were mounted
on metal rods and kept in cold avian Ringer
solution until an uptake measurement was
made (always within 1 hr of anesthetization
with methoxyflurane). The solution was oxygen-
ated with 95% 0,-5% CO, to yield pH 7.3-7.4
at 37°C and osmolarity was 350 mOsm. After a
5-min preincubation in Ringer solution at 37°C,
tissues were incubated for 2 min in Ringer at 37°C
over a stir bar at 1,200 rpm (Karasov and Levey,
'90). We measured uptake of L-[2,3-3H]leucine into
the tissue across the brush-border membrane us-
ing [ecarboxyl-14C]inulin to correct for adherent
fluid. Uptakes of 0.1 and 50 mM L-leucine were
measured in the proximal and distal halves of the
small intestine. We had planned also to measure
mediated uptake of D-glucose but technical errors
invalidated the measures.

The carcass minus the intestine was plucked,
freeze-dried, and then ground in a small coffee-
grinder. We refluxed 1 g dried (at 50°C) sub-
samples with petroleum ether for 6 hr (Dobush et
al., '85) in a Goldfisch apparatus to measure fat
content. Lean mass (g dry) was defined as total
body mass (g dry) without feathers and intestine,
minus fat content (g dry).

We used analysis of covariance (ANCOVA, lean
dry mass of bird as covariate) to compare gut
dimensions between cold-acclimated and room
temperature-acclimated birds. We used repeated-
measures analysis of variance (ANOVA) to compare
hydrolysis rates and uptake rates between proxi-
mal and distal sections of the small intestine, be-
tween individuals in the groups, and between
temperature treatment groups. We used paramet-
ric one-tailed ¢-tests to analyze a priori predictions
regarding differences in summed hydrolysis and
uptake rates between cold-acclimated and room
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temperature-acclimated birds. We used reduced
major axis regression (Model 1l regression) to de-
termine the relationship between sucrase and mal-
tase activity because both variakles vary naturally
and are measured with some error, so the estimated
relation between the two would be biased if deter-
mined by Model I regression (Sokal and Rohlf, 81,
p. 549). Results are given as mean + SE unless oth-
erwise noted.

RESULTS

Effects of acelimation temperature on body
mass, food intake, extraction efficiency,
and retention time

Birds in the cold (-20°C) were on average 8.0%
heavier than birds at room temperature (21°C)
(Table 1). Birds in the cold lost more absolute mass
overnight (Table 1) and a higher proportion of ini-
tial body mass than birds at room temperature (cold
group: 11.0% of body mass; room temperature group:
9.0% of body mass; t;; = 2.2, P = 0.035).

Birds in the cold consumed about 2.5 times more
food each day than birds at room temperature
(Table 1). During the 5-h test period, birds in the
cold ate about four times more than birds at room
temperature (Table 1) at least in part because
birds in the cold usually increased their food in-
take in the afternoon as they increased their fat
depots. Associated with the higher food intake of
waxwings at —20°C, waxwings in the cold had
slightly lower (1.5%) extraction efficiency (t;z =
3.03, P = 0.004; Fig. 1) and slightly shorter total
mean retention time compared to waxwings at
+21°C (t = 1.87, P =0.04; Fig. 1).

Effects of acclimation temperature on
digestive organs

Comparisons of gut morphometrics between
cold- and room temperature—acclimated birds is

TABLE 1. Body mass and food intake (+SE) of cedar waxwings acclimated to one of two temperature conditions
[treatment group at -20°C (n = 10) and control group at +21°C (n = L

Difference in body Food intake
Body mass (g) Body mass (g) mass (g) between Mean food intake (g dry weight)

Acclimation on pretest day on test day pretest and test (g dry weight) during 5-hr
temperature at 1730 hours at 0700 hours day per day test period
-20°C 39.13 £ 0.67 34.82 + 0.66 -4.32+0.18 13.98 + 0.45 6.87 £0.37
+21°C 36.21 £ 1.31 32,97+ 1.54 -3.24 £ 0.67 5.22 + 0.50 1.63+£0.25
tig' 3.06 1.98 2.98 12.97 11.02
P value* 0.004 0.033 0.004 <0.0001 <0.0001

'Birds had food removed at 1730 hours on the pretest day.
't-test assuming unequal variances (n = 18).
*P-value for pne-tailed t-test (n = 18).
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100

Extraction efficiency of glucose (%)

+21C

-20C

Acclimation temperature

Fig. 1. Extraction efficiency of glucose (EE in %) and
mouth-to-anus total mean retention time (TMRT in min) for

complicated because birds in the cold were heavier
(Table 1). However, analysis of the body composi-
tion of both groups revealed that cold-acclimated
birds had only slightly higher lean mass than
room-temperature acclimated birds, whereas the
majority of the difference in body mass consisted
of body fat (Table 2). Using lean mass to correct
for body size differences between birds confirms
that cold-acclimated waxwings had larger stom-
ach and intestines compared with room-tempera-
ture-acclimated waxwings (Table 2).

Effects of acclimation temperature on
enzyme hydrolysis rates

Enzyme hydrolysis rates were normalized to tis-
sue wet mass but also can be expressed per centi-
meter length of intestine or per square centimeter
nominal surface area of intestine using conver-
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cold-acclimated (—20°C) and room temperature-acclimated
(+21°C) cedar waxwings.

sion factors in Table 3 or per milligram tissue pro-
tein using conversion factors in Figure 2.

Maltase activity decreased distally along the in-
testine whereas sucrase and aminopeptidase-N
activity were similar along the intestine (Fig. 2).
As predicted, acclimation temperature had no sig-
nificant effect on specific activity of either carbo-
hydrase (maltase or sucrase) or aminopeptidase-N
activity (Fig. 2).

We calculated summed hydrolysis capacity for
both cold- and room temperature-acclimated wax-
wings by averaging hydrolysis levels per cm mea-
sured in the proximal and distal small intestine
and multiplying the mean by the small intes-
tine length. As predicted, sum med hydrolytic
activity of both maltase and sucrase was higher
in cold-acclimated waxwings than in room tem-
perature-acclimated waxwings (Table 3). How-

TABLE 2. Body composition (g dry * SE) and digestive organ mass (g wet * SE) of cedar waxwings acclimated to one of two
temperature conditions (treatment group at -20°C and control group at +21°C)

Statistical analysis

Acclimation temperature (AI\ICOVA)l
~20°C +21°C Fra7 P-value
- n 11 9

Body comgosition”’:

Lean (g)° 7.41+0.24 6.66 +0.12

Fat (g)* 7.83 £ 0.96 4.21 +0.46
Small intestine (g) 2.40+0.12 1.96 + 0.04 4.38 0.053
Large intestine (g) 0.13+0.01 0.09 +0.01 5.81 0.028
Stomach (g) 0.75 + 0.04 0.49 £ 0.02 18.05 0.001

'Analysis of covariance (ANCOVA) uses lean mass as a covariate.

3 : .
*Body composition of unfeathered waxwings includes a petroleum ether extractable component (i.e., fat) and a lean component [calculated as

(whole dry mass — dry fat mass)).

Waxwings at —~20°C had more lean mass than waxwings at +21°C (44g = 3.31, P =0.002).
"Waxwings at —20°C had more fat than waxwings at +21°C (t;5 = 3.25, P=0.002).
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Fig. 2. Intestinal brush-border enzyme hydrolysis rates
and protein content of the intestine in cedar waxwings as a
function of position along the small intestine and tempera-
ture acclimation of the birds. Repeated-measures ANOVA re-
vealed no significant effect of acclimation temperature
(maltase: Fyy7 = 3.52, P = 0.08; sucrase: Fy 7 = 228, P =

ever, acclimation temperature had no significant
effect on summed hydrolytic activity of aminopep-
tidase-N (Table 3).

As a partial test for sucrase-independent mal-
tase activity (Martinez del Rio, '90), we regressed
maltase activity against sucrase activity (Fig. 3).
Maltase and sucrase activities were tightly and
linearly correlated, and the intercept of the re-
gression line was significantly different from zero.

Measured pH optima for maltase and sucrase
were 6.5 and for aminopeptidase-N was 7.0 (Fig.
4). Thus, our use of pH 6.5 for measuring carbo-
hydrase activity and pH 7.0 for measuring ami-
nopeptidase-N activity should provide accurate
estimates of maximal enzyme activities.

Effects of acclimation temperature on in
vitro intestinal uptake of nutrients

Uptake rates of L-leucine were normalized to
mg wet intestine although these data can also be
expressed per cm length of intestine or per cm?

e cold acclimation

0.15; aminopeptidase-N: F; ;7 = 3.91, P = 0.06) or tempera-
ture * position interaction (P > 0.30 in all cases). Enzyme
activity declined with distance along the small intestine for
maltase (Fy,7 = 7.61, P = 0.01) but not for sucrase (Fy17 =
1.72, P=0.21) or aminopeptidase-N (Fy ;7 = 0.82, P= 0.38).

nominal surface area using conversion factors in
Figure 5A or in Table 3. As predicted, specific up-
take rates of leucine were similar in both cold-
acclimated and control birds (Fig. 5B,C), although
at 0.01 mM uptake rates increased along the small
intestine in control birds but not in cold-accli-
mated birds.

To estimate summed uptake rate of the entire
small intestine for leucine, we multiplied uptake
rates per cm for each region by the length of the
proximal or distal region of the small intestine
(Table 3). As predicted, summed uptake in cold-
acclimated waxwings was higher than in room
temperature-acclimated waxwings (Table 3).

Uptake of L-leucine at 0.01 mM was mainly
Na'-dependent (i.e., active, carrier-mediated) as
indicated by ratios of uptake in adjacent sleeves
incubated in Na'-free medium (Na' replaced by
choline) or incubated in Na'-containing medium
(ratios for cold-acclimated waxwings were 0.21 *
0.05 in proximal and 1.01 + 0.12 in distal sections;
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ratios for room-temperature acclimated waxwings
were 0.16 + 0.05 in proximal and 0.34 + 0.12 in
distal sections; Treatment effect: F,g= 12.1, P =
0.008, Position effect: F, s = 42.6, P < 0.0001, Treat-
ment * Position effect: F, s = 16.8, P = 0.003).

DISCUSSION

We begin by discussing our test of the hypoth-
esis that hyperphagic cedar waxwings maintain
digesta retention time and digestive efficiency con-
stant, compared with waxwings feeding at reduced
rates, by increasing the amount of intestine and
thereby the total capacity for breakdown and ab-
sorption of nutrients. We conclude with comments
about integrative gut function, spare capacity, and
the time scale of digestive responses and their rel-
evance for delineating potential digestive con-
straints of ecological importance.

Digestive adjustments to high feeding rate

Food intake, digesta residence time, and
digestive efficiency

The higher thermoregulatory costs associated
with living at cold temperatures require animals
to eat more to maintain energy balance (Dawson

et al., '83). Theoretically, increased food intake‘
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Fig. 4. Relative intestinal brush-border enzyme activity
as a function of buffer pH.

alone can satisfy the increased energetic require-
ments within limits (Karasov, '96) but the animal’s
energetic gain can be enhanced by increasing or
at least maintaining digestive efficiency with in-
creased food intake.

Cedar waxwings acclimated for at least 60 days
at —20°C had fourfold higher food intakes during
the 4-5 hr trials compared with waxwings at
+21°C. If there were no compensatory adjustments
in digestive features of waxwings, the model (see
Introduction) predicts that the more than four-
fold increase in food intake should move food
faster through the gut and result in a decrease in
extraction efficiency. Extraction efficiency of glu-
cose in waxwings at —20°C (93.0%) was lower com-
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pared with waxwings at +21°C (94.6%) although
the decrease in efficiency was small and arguably
ecologically irrelevant. Digestive efficiency in some
birds has been reported to increase with decreas-
ing temperature and increasing intake (Owen, '70;
Stalmaster and Gessaman, '82; Dykstra and Kara-
sov, '92) whereas in other birds, digestive efficiency
has been reported to not change (El-Wailly, '66;
Hamilton, ’85) or decline with decreasing tempera-
ture and increasing intake (West, '68; Moss and
Parkinson, '72). The lack of an increase in diges-
tive efficiency during hyperphagia in cedar wax-
wings provides little support for Bairlein’s ('85;
Bairlein and Simons, '95) assertion that increased
digestive efficiency during hyperphagia is a key
mechanism by which premigratory fattening is
achieved in birds.

The waxwing’s gut could have accommodated
the more than fourfold increase in food intake with
only a slight decline in extraction efficiency of glu-
cose in two ways: by increasing tissue-specific en-
zyme or uptake rates to compensate for faster food
transit times; or by increasing gut size so that
digesta retention time does not change, although
the latter could also result in higher biochemical
capacities, as well. We observed a statistically sig-
nificant decline in retention time of digesta (Fig.
1), however, it was not nearly as great as the four-
fold decline that one might predict if the gut were
a simple, rigid fixed volume. This result suggests
that the gut probably enlarged mostly to compen-
sate for the increased food intake.

Effects of food intake on digestive organs

Small and large intestines and the stomach
were 22%, 48%, and 51% heavier, respectively, in
cold-acclimated birds compared with control birds.
Such evidence is consistent with the hypothesis
that increased digestive organ size permitted the
large increase in food intake without considerable
decrease in digestive efficiency or retention time.

Phenotypic plasticity of the avian gut has been
reported in many birds in relation to seasonal
changes in diet composition (Pendergast and Boag,
"73: Moss, *74, '83; Ankney, '77; DuBowy, "85, Al-

declined with distance along the small intestine (F1.18 = 53.7,
P < 0.0001) and —20°C waxwings had heavier intestines than
+21°C waxwings (treatment: Fy 15 = 4.5, P = 0.04; treatment d
position: Fy 3 = 2.7, P=0.12). L-leucine uptake at 50 mM did
not change with acclimation temperature or intestinal posi-
tion (P > 0.30 in all cases). L-leucine uptake at 0.01 mM did
not change with acclimation temperature (Fy18 =019, P =
0.66) but did change with intestinal position (position: Fy ;s =
11.5, P=0.003; treatment * position: Fy18 = 11.3, P=0.003).
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Dabbagh et al., "87; Walsberg and Thompson, "90;
Moorman et al., '92; Piersma et al., '93). There is
also direct experimental evidence for an effect of
diet composition (Miller, *75; Savory and Gentle,
"76a,b; Kehoe et al., ’88; Starck and Kloss, '95)
and diet quantity (e.g., Japanese quail [Fenna and
Boag, '74], domestic fowl [Savory, '86], house wrens

[Dykstra and Karasov, '92]) on the avian gut. In

many cases the effect of diet quality could be a
direct effect of food intake because a decrease in
diet quality is often associated with an increase
in food intake, presumably as a result of energy
dilution with decrease in diet quality.

Biochemical adjustments to high feeding rate

Another possibility suggested by the model is a
simultaneous increase in reaction rates (either
enzyme hydrolysis rates or nutrient uptake rates)
to compensate for less contact time between
digesta and gut absorptive surfaces. As predicted,
we found that increased food intake in waxwings
resulted in no change in carbohydrase (maltase
and sucrase), aminopeptidase-N, or leucine uptake
activity per unit small intestine. But, because of
increased gut size, total enzyme hydrolysis and
nutrient absorption rates were mostly higher in
cold-acclimated waxwings.

Only one other study of birds has investigated
the effect of increased food intake on nutrient up-
take rates. Increased food intake in wrens resulted
in no change in nutrient uptake per unit of intes-
tine although, because of an increase in amount of
intestine, the total capacity to absorb L-proline in-
creased 23% compared to low-intake wrens (Dykstra
and Karasov, '92). In cedar waxwings, increased food
intake resulted in no change in nutrient uptake
rates per unit of small intestine although, because
of increased gut size, total leucine uptake rate was
41% higher in cold-acclimated waxwings.

Ours is the first study of birds to assess the di-
rect effect of increased food intake on brush-border
enzyme activity. Martinez del Rio et al. (89) pro-
vide the only other published study of digestive en-
zymes (only sucrase) in cedar waxwings. Their
estimates of sucrase activity in waxwings (35—40
umol min~' [g protein]™') were similar to our mea-
surements in the proximal small intestine (25-38
umol min~' [g protein] ™) but higher than our mea-
surements in the distal small intestine (20-25 ptmol
min~' [g protein] ™). Summed maltase activity (89—
143 pmol min™") was higher than that predicted
from the allometric power relationship developed
by Martinez del Rio (90) using 11 species of passe-

rine bird (60—68 wmol min™), although specific mal-
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tase activity (4—6 pmol [min cm®] ') was within the
same range as reported for other frugivorous pas-
serines (Afik et al,, '95). Aminopeptidase-N activity
of waxwings was similar or higher than that found
in yellow-rumped warblers (Afik et al., '95), one of
the few other avian species in which such measure-
ments have been made.

Intestinal enzyme activity is modulated in re-
sponse to changes in diet composition in some ver-
tebrates although relatively little work has focused
on birds (Karasov, '96; Karasov and Hume, '97).
The general pattern in mammals and poultry is
that sucrase and maltase activity increase with
dietary carbohydrate, and peptidases (e.g., ami-
nopeptidase-N) increase with dietary protein.
However, in some passerines (i.e., European star-
ling and yellow-rumped warbler) aminopeptidase-
N, but not carbohydrase, activity was modulated
in response to changes in dietary substrate (pro-
tein and carbohydrates, respectively) (Afik et al.,
'95; Martinez del Rio et al., '95).

Granivorous chickens and turkeys fed diets with
more carbohydrate increased their carbohydrase
activity (Sell et al., '89; Biviano et al., '93). In con-
trast, omnivorous yellow-rumped warblers and star-
lings exposed to changes in diet composition
modulated peptidase activity, but not carbohydrase
activity (Afik et al., '95; Martinez del Rio et al., '95).
Too few studies of modulation of digestive enzymes
have been conducted to conclude whether these dif-
ferences between passerines and poultry reflect im-
portant phylogenetic or ecological pattern(s).

Relationship between sucrase and
maltase activity

Maltase activity is the result of both a sucrase-
isomaltase complex (that also accounts for all su-
crase activity) and a maltase-glucoamylase complex
(Martinez del Rio, "90). Theoretically, the intercept
of the regression of maltase activity against sucrase
activity estimates the activity of sucrase-indepen-
dent maltase (i.e., maltase-glucoamylases (Se-
menza and Auricchio, '89). We estimated the
contribution of sucrase-independent maltase at
29-39% of the maltase activity which is higher
than the 20-25% found in chickens (Biviano et
al., '93) or the 0% found in yellow-rumped war-
blers (Afik et al., "95).

Integrative gut function: modulation
of digestive features to maintain
digestive efficiency?

In the only other study of birds that measured
the effects of increased food intake on key digestive
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features (Dykstra and Karasov, '92), insectivorous
house wrens responded to cold acclimation (-9°C)
as predicted here: wrens doubled their food intake,
gut mass and volume increased by 25-35%, rates
of nutrient uptake per unit small intestine did not
change significantly, digesta retention time did not
change, and digestive efficiency did not decline com-
pared to when wrens were feeding at reduced rates.
Rates of enzyme activity were not measured.

In our experiment we also used cold-acclima-
tion to induce high food intake. Compared with
cedar waxwings held at +21°C, waxwings accli-
mated to —20°C more than quadrupled their food
intake, mass of digestive organs increased by 22—
53%, rates of enzyme activity and nutrient up-
take per unit small intestine did not change
significantly, retention time of digesta declined
slightly, and there was a small decrease in diges-
tive efficiency. In short, for both wrens and wax-
wings, the amount of gut rather than the specific
enzyme or nutrient absorption rates was mainly
responsible for the increase in total capacity.

The principal difference between our study and
the study on wrens 1s the degree to which food
intake increased, with waxwings increasing food
intake more than fourfold whereas the wrens
increased food intake only twofold. The higher
intake in waxwings was associated with a sig-
nificant decrease in retention time and digestive
efficiency in cold-acclimated waxwings despite the
dramatic increase in mass of digestive organs.
Such a pattern suggests that the waxwings had
reached the limit of gut size increase.

Theoretically, there must be some limit to an
animal’s ability to enhance digestive features, in-
crease food intake, and sustain elevated metabolic
rates (see Ricklefs, '96 for a recent review). Ani-
mals at a given level of energy intake maintain
some spare digestive capacity as evidenced by an
ability to rapidly increase food intake without loss
of digestive efficiency (Diamond, '91). As energy
requirements and thus food intake increase, how-
ever, the level of spare capacity declines even af-
ter sufficient acelimation time (Toloza et al., "91).
For a volant bird like a waxwing, gut size in-
creases with energy expenditure but the increase
may be limited by other physiological constraints
associated with flying.

There are clear aerodynamic limits on the
weight and shape of a bird given its wing design
(Pennycuick, '75; Norberg and Rayner, '87). These
limits are reached at times by migratory birds as
indicated by their inability to fly after fattening
periods (Jehl, '97). Our cold-acclimated waxwings
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had 17.8% of their total wet mass in gut tissue
and associated digestive organs (Table 2) com-
pared with only 14.0% for waxwings at room tem-
perature. Presumably, heavier and longer guts
also hold more digesta adding considerably more
mass when the bird is full.

Time scale of digestive adjustments

Digestive adjustments are ecologically impor-
tant because they help delineate constraints on
feeding ecology and physiological performance of
organisms (Karasov, '96; Piersma and Lindstrom,
'97). In this respect, determining both the limits
of digestive adjustment and the time required for
these adjustments is important. We found changes
in gut morphology 9-13 weeks after acclimation
to cold temperatures but these changes may oc-
cur much faster than 9 weeks. Reversible changes
in gut length in response to changes in diet com-
position have been reported to occur within 3—4
weeks in grouse and quail (Moss, '72; Savory and
Gentle, "76a,b) and ducks (Miller, '75; Drobney,
'84). Some of the best evidence for minimum time
required for digestive adjustments comes from
studies of the dynamics of cellular turnover in the
avian intestine (Starck, '96). Turnover time of in-
testinal epithelium in adult Japanese quail was
9-17 days depending on the region of the intes-
tine (Starck, '96) and may be as fast as a few hours
in very young birds (Lilja, '87). Our acclimation
period of >60 days seems adequate for the expres-
sion of gut modulation. It would be interesting to
know whether a bird can support a more rapid
twofold or fourfold increase in food intake with-
out negative effects on digestive efficiency. This
requires more acute challenge studies that focus
on the match between digestive capacity and load
at certain levels of food intake.
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