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ABSTRACT: Alaskan moose (Alces alces gigas) consume willow (Salix spp.) as a fundamental
component of their winter diet. We collected Barclay willow (S. barclayi) from 5 nearby sites (15-
80 m apart) on the Kenai Peninsula, Alaska, USA, during winter 1999-2000. We tested effects of
diameter and age of twigs on nutritional quality of willows for moose. Smaller-diameter twigs had
higher in vitro dry matter digestibility (IVDMD), and protein content, but lower fiber content (P <
0.001) than larger twigs. An inverse relationship occurred between the age of twigs and protein
content (P <0.001), with older-aged twigs containing less protein. Accordingly, age of twigs was
negatively related to fiber content (P=0.002). Conversely, norelation existed between age of twigs
and IVDMD (P=0.34). Tannin content (P<0.001) and age of twigs (P =0.04) varied among sites,
with older twigs possessing more tannins than younger ones. No difference in tannins, however,
occurred between diameter categories of twigs (P = 0.48). Digestible energy differed between
diameter categories (P=0.02) and among ages of twigs (P=0.02), as well as among collection sites
(P <0.001). Thus, structural components of the twig to support growth were more important in
affecting digestibility, whereas age of the twig was more influential in determining nitrogen and
tannin content. The relation between twig age and tannin content, however, was the inverse of that
expected. More research is needed to understand how quality of winter browse interacts with
additional factors, such as predation risk, population density, and allometric differences between
sexes, to affect diet selection and foraging behavior of moose and other large herbivores.
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Browse is an important element in the
winter diet of moose (4lces alces) inhabit-
ing boreal forests (Peek 1974, 1998; Ludewig
and Bowyer 1985; Renecker and Schwartz
1998). Indeed, the diet of Alaskan moose
(A. a. gigas) is composed principally of
willows (Salix spp.), which may be eaten
throughout the year (Van Ballenberghe et
al. 1989; Miquelle et al. 1992; Van

Ballenberghe 1992; Bowyer et al. 1998,
1999a). Further, diameter of twigs avail-
able to moose for consumption may be a
crucial aspect of diet selection by this large
browser (Vivas et al. 1991, Bowyer and
Bowyer 1997).

Most nutrients used by moose are con-
tained in the surface of woody twigs, with
hard-to-digest carbohydrates (cellulose and
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hemicellulose) composing the core (Schwartz
and Renecker 1998). Therefore, as twig
diameter of browse increases (i.e., the di-
ameter at the point of browsing), the ratio of
surface nutrients to the core declines, as
does the nutritional value of such forage for
moose (Hjeljord et al. 1982, Schwartz and
Renecker 1998). In winter, adult moose eat
forage that contains levels of crude protein
below maintenance, and dry-matter intake
necessary to meet nitrogen requirements is
difficult to attain (Schwartz and Renecker
1998). Further, the role that tannins play in
forage selection is complex, and may affect
foraging by herbivores (Reid et al. 1974,
Bryantand Kuropat 1980, Leslie and Starkey
1987, Robbinsetal. 1987, Bryantetal.1991).
Forinstance, leaders of new growth in birch
(Betula sp.) were heavily defended by sec-
ondary compounds, which altered foraging
behavior by snowshoe hares (Lepus
americanus; Bryant et al. 1994).

During winter, moose may be protein as
well as energy limited; hence, forage selec-
tion should favor young twigs with smaller
diameters. Moose eat twigs older than
first-year growth, but data on the nutritive
value of those older twigs are sparse (Cowan
etal. 1950). Indeed, diet quality for herbiv-
ores likely involves a preference for species
of plants, as well as specific parts of plants
(Janzen 1979).

There is increasing evidence that moose
play a fundamental role in the structure and
function of boreal ecosystems (Pastor and
Naiman 1992, Molvar et al. 1993, Bowyer
et al. 1997, Berger et al. 2001, Kie et al.
2003); however, much remains to be learned
about their foraging ecology. Gaining insights
into why moose forage on a particular plant
or select specific twigs, or diameters of
twigs, from that plant is critical to under-
standing the mechanisms controlling forag-
ing behavior.

We tested for differences in forage
quality as affected by diameter of twigs,
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age of twigs, tannin content, collection site,
and their interactions. We also examined
the digestible energy content (DE) of wil-
lows, and tested for differences between
age classes and diameter categories of twigs.
We hypothesized that larger twigs would
have a lower nitrogen content, be less di-
gestible, have more fiber, and have a lower
tannin content than smaller twigs. Like-
wise, we also predicted that older twigs
would have lower nitrogen content, be less
digestible, have more fiber, and possess
lower tannin content than younger twigs.
Further, we hypothesized that dietary en-
ergy and protein would change with size and
age of browse, and that small changes in
browse chemistry might alteravailability of
protein and energy for moose.

STUDY AREA

We sampled twigs of willow (Salix
barclayi) at an elevation of 275 m along a
roadside located on the Kenai Peninsula,
near Ninilchik, Alaska, USA, (60° N, 149°
W) during winter 1999-2000. The Kenai
Peninsula is characterized by a maritime
climate influenced by its proximity to the
Pacific Ocean (Weixelman et al. 1998).
Annual precipitation ranges from 40 to 50
c¢m with most falling as snow in winter and
rain in spring or autumn (Schwartz and
Franzmann 1991). Annual snowfall ranges
from 140to 165 cm (Oldemeyer and Regelin
1987). Mean annual temperature is 1° C,
and mean monthly temperatures range from
— 30 to 21° C (Schwartz and Franzmann
1991).

We began sampling in early December
after willows had become dormant and lost
their leaves. Moose migrated from higher
elevations across our study site to
lower-elevation valleys as winter snowfall
accumulated. Thus, moose use of the study
area was limited, and much of the willow in
this area was unbrowsed, or only lightly
browsed. Sampling was completed in late
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February, and samples were stored be-
tween 0 and -25° C until analyzed.

Our study area was a plateau along the
sides of an unpaved road that ran east from
Ninilchik for approximately 21 km. The
roadside was surrounded by boreal forest
dominated by white spruce (Picea glauca).
Willows ranged in size from 1-3 min height.
Our sampling site was located adjacent to
the road (3-20 m from the snowburm) about
16 km from Ninilchik. There was no
overstory cover, and patches of dense
growth of willows characterized the
understory. Shading affects nutritional qual-
ity of willows (Hjeljord et al. 1990, Be and
Hjeljord 1991, Molvar et al. 1993); how-
ever, willows we selected were shaded only
slightly by a few trees, thereby minimizing
that complication. Likewise, this area ex-
hibited little variation in slope, exposure, or
drainage. Finally, easy access allowed us to
sample large quantities of willow in a rela-
tively small area.

METHODS

We sampled an area along a roadside
that encompassed 155 m, which included 5
distinct patches of willows located 15-80m
apart (Y= SD=38.8+£28.69 m). All stems
with abundant twigs (> 15 leaders) were cut
from a plant at snow level, labeled, and
transported to the laboratory for subse-
quent analyses. Three stems (containing
numerous leaders) from each of 5 sites
were selected haphazardly for nutritional
analyses; the remainder of branches was
withheld for a related experiment on feed-
ing behavior of moose. Current annual
growth (1-year-old), 2-year-old growth, and
3-year-old growth were measured with dial
calipers to the nearest 0.1 mm at the bud
scale scar, and pooled according to diam-
eter and age classes. Twigs were catego-
rized according to diameter: small (0.8-2.9
mm) and large (3.0 - 4.9 mm). This classi-
fication was based on previous studies of
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twig selection by foraging moose (Molvar
and Bowyer 1994, Bowyer and Bowyer
1997, Stephenson et al. 1998, Weixelman et
al. 1998), diameter and age classes of twigs
available to us for sampling, and the need to
obtain sufficient material in a particular age
and diameter category for nutritional analy-
ses.

Samples of twigs from each site were
pooled by age class and diameter category,
oven dried to constant mass at 55° C, and
then ground witha Wiley mill (1-mm screen).
All nutrients were assayed on the basis of
dry mass (DM). In vitro dry matter digest-
ibility (IVDMD; Tilley and Terry 1963) was
determined for each sample. Fresh rumen
inoculum for the digestion trial was obtained
from 1 captive reindeer (Rangifer
tarandus) that was fistulated, and held at
the Robert G. White Large Animal Re-
search Station of the University of Alaska
Fairbanks (UAF). We conditioned the rein-
deerto adiet of willow by adding a mixture
of approximately 12 g ground willow and
500 ml water directly into the rumen (via
canula) every 2-3 days for 18 days. The
Forage Quality Analysis Laboratory at UAF
performed IVDMD, nutrient analyses, and
tannin assays, with duplicates for selected
samples. Detergent analysis (Van Soest et
al. 1991) was used to determine structural
composition of plant cells (percentage dry
weight of neutral-detergent fiber [NDF],
acid detergent fiber [ADF]), ash of acid
extracted fiber, and lignin). Fiber fractions
were used to derive estimates of cell con-
tents (DM - NDF), hemicellulose (NDF -
ADF), and cellulose (ADF - lignin). Nitro-
gen was determined with an elemental
analyzer (Model # CNS 2000, Leco, St.
Joseph, MI, USA) and expressed as crude
protein based on the assumption of 6.25 g
protein per 1 g nitrogen (Robbins 1993).
Soluble carbohydrates such as starch were
estimated as the difference between cell
contents and crude protein, with the as-
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sumption that lipid content of winter browse
was negligible (Robbins 1993). Tannins
were extracted from willows in ethanol (50
% v/v) at 95° C, and assayed by the method
of Folin-Dennis (Martin and Martin 1982).

Differences innutritional quality of twigs
from age classes and diameter categories
were compared with multivariate analysis
of variance (MANOVA), with measures of
forage quality (e.g.,IVDMD, N, and tannins)
as dependent variables, and age (e.g., -,
2-, and 3-years-old) and diameter (e.g.,
large and small) of twigs, and their interac-
tions as main effects. MANOVA controls
for the lack of independence among de-
pendent variables necessary to examine
effects of twig diameter and age (Johnson
and Wichern 1982, Neter et al. 1996,
McGarigal et al. 2000). Our design, which
included 2 identical categories of twig diam-
eter for each age class, controlled for bias
from an overall correlation between age
and diameter of twigs. Moreover, we re-
duced the overall o to 0.01 for each meas-
ure of forage quality to adjust for any re-
maining lack of independence in our vari-
ables (e.g., main effects).

Gross energy available in twigs was
calculated with caloric values for protein
(24.89 kl/g), soluble carbohydrates (17.48
kJ/g), hemicellulose (17.82 kJ/g), and cellu-
lose (17.49kJ/g) from Blaxter (1989). Frac-
tional digestibility of cell wall components
(cellulose and hemicellulose) was calcu-
lated from IVDMD by assuming that DM of
protein and soluble carbohydrate were 60%
digestible. Digestible-energy content (DE)
of twigs was estimated by combining gross
energy and DM digestibilities of each frac-
tion.

RESULTS

Overall, we documented effects of site,
twig age, and twig diameter on nitrogen
content (MANOVA, F& o= 49.86, P <
0.0001),IVDMD (Fy =7.83,P<0.0001),
and tannin concentration (F, ,=7.01, P<
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0.0001) of willows; no interactions occurred
between site or twig characteristics (P >
0.05). No difference (P = 0.45) occurred
for mean nitrogen content of willow twigs
among sites (range of means = 5.9-6.2%).
Nitrogen content of twigs differed for age
classes (P<0.001) and diameter categories
(P < 0.001) of twigs, with older and
larger-diameter twigs possessing lower ni-
trogen content than younger and smaller
twigs (Fig. 1).

There was an effect (P < 0.001) of site
on IVDMD of willow twigs (range of means
= 44.1-47.2%). Likewise, IVDMD was
affected by the diameter of twigs, with
larger twigs having lower IVDMD than
smaller twigs (Fig. 1). Age of twigs, how-
ever, was not related to IVDMD (Fig. 1).
Little overlap occurred in values when we
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Fig. 1. Nitrogen content (top) and in vitro dry
matter digestibility (bottom) of small-diameter
(0.8-2.9 mm) and large-diameter (3.0-4.9 mm)
twigs in relation to age of Barclay willow
(Salix barclayi), Kenai Peninsula, Alaska,
USA, winter 1999-2000.
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compared cellulose and IVDMD between
large and small diameter twigs (Fig. 2).
Conversely, considerable overlap occurred
between ages of twigs when cellulose was
examined in relation to IVDMD (Fig. 2).
These results confirm that cellulose in the
core of stems strongly affected IVDMD.
Additional measures of forage quality fol-
lowed a similar pattern with significant dif-
ferences occurring among age classes and
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diameter categories of willow twigs, except
for ash, which differed neither in twig age
nor diameter, and lignin, which did not vary
with age (Table 1).

Variation in mean tannin concentration
of willow twigs among sites ranged from
167.30 mg/g to 209.32 mg/g. Similarly,
tannin content (X = SD) varied among ages
of twigs (1-year-old = 185.4 £ 41.63 mg/g;
2-year-old=206.4 +42.86 mg/g; 3-year-old

Table 1. Forage quality (% dry mass) of 1-year-old, 2-year-old, and 3-year-old growth, and of small
(0.08 — 2.9 mm) and large (3.0 — 4.9 mm) categories of twig diameter for Barclay willow (Salix
barclayi), Kenai Peninsula, Alaska, USA, winter 1999-2000. Composites of 15-25 twigs were
included in each sample. Sample sizes for age and diameter categories were: 1-year-old, small (»
=27); 1-year-old, large (n=9); 2-year-old, small (n=13); 2-year-old, large (n= 10); 3-year-old, small

(n=15);and 3-year-old, large (n=15).

Age
1-year-old 2-year-old 3-year-old

Variable' X (SD) X (SD) X (SD)
Acid-detergent fiber

Small 39.68 (2.44) 40.60 (2.37) 4233 (2.24)

Large 3239 (2.78) 42.60 (3.37) 4454 (3.00)
Neutral-detergent fiber

Small 4798 (2.93) 4997 (2.16) 5297 (2.24)

Large  53.54 (3.39) 5481 (3.98) 55.82 (3.33)
Ash of acid extracted fiber

Small 0.35 (0.12) 0.30 (0.08) 033 (0.05)

Large 0.31 (0.11) 0.30 (0.09) 0.31 (0.09)
Derived lignin

Small 21.64 (1.57) 2147 (1.98) 2098 (1.06)

Large 19.28 (2.01) 18.09 (1.03) 19.56 (1.73)
Derived hemicellulose

Small 8.31 (1.01) 9.37 (0.67) 10.64 (0.24)

Large 11.15 (1.16) 1221 (0.60) 11.28 (0.73)
Derived cellulose

Small 17.68 (1.62) 18.83 (1.05) 21.02 (1.89)

Large 22.79 (2.69) 2422 (2.79) 24.67 (2.40)

'MANOVA indicated that significant differences in forage quality occurred among different age
classes and between diameter categories (P <0.01) forall variables, except for ash of acid extracted
fiber (age: P=0.56; diameter: P=0.15) and derived lignin (age: P=0.27).
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Fig.2.Invitro dry matter digestibility and cellu-
lose content of small-diameter (0.8 —2.9 mm)
and large diameter (3.0 -4.9 mm) twigs (top),
and twigs of differentage (bottom), of Barclay
willow (Salix barclayi), Kenai Peninsula,
Alaska, USA, winter 1999-2000.

=204.8+41.31 mg/g); 1-year-old twigs had
less tannin than 2- or 3-year-old twigs (P =
0.04). Diameters of twigs, however, did not
affect tannin content ( ¥ % SD): small
diameter=199.3 +40.85 mg/g; large diam-
eter = 192.7 £45.15 mg/g (P = 0.48).
Estimated gross energy of protein and
carbohydrates was similar among all groups
and ranged from 13.65 to 15.09 kJ/g. Di-
gestible energy content (DE); however, dif-
fered among sites (P < 0.001, range of
means = 6.99 to 7.65 kl/g), across ages (P
<0.001, range of means = 7.06to 7.54
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kJ/g), and between twig diameters (P <
0.001, range of means = 7.12 to 7.60 kJ/g).

DISCUSSION

Ourresults indicated that forage quality
of willow twigs in winter varied on a rela-
tively fine spatial scale, especially IVDMD,
tannin concentration, and estimated digest-
ible energy. The cause of that variation,
however, is uncertain, but cannot be attrib-
uted to previous browsing, aspect, drainage,
or shading, because our sampling design
precluded marked differences among such
variables in those nearby sites (15-80 m
apart). Other factors related to plant growth
(Chapin et al. 1995) that we could not
assess, such as soil temperature, structure,
nutrients, and moisture, may have been
responsible for differences in quality of
twigs we documented (Chapin 1983, Molvar
etal. 1993, Post and Stenseth 1999, Lenart
et al. 2002). This fine-scale variation in
quality of browse warrants further study.

Older twigs of willow had lower nitro-
gen content than younger twigs.
Larger-diameter twigs of willow also had
lower nitrogen content than smaller twigs.
Protein availability probably declines with
absolute content of nitrogen and with tannin
concentrations as parts of plants age, for
both diameter categories. Surprisingly, older
twigs with lower nitrogen content were
better defended by tannins than younger
twigs with more nitrogen, an unexpected
patterniftannins function primarily to inter-
fere with utilization of nitrogen by rumi-
nants (Robbinsetal. 1987). Larger-diameter
twigs also were less digestible; however,
age of twigs did not affect IVDMD. Al-
though age of twigs was more influential in
determining nitrogen content, structural com-
ponents of twigs to support growth (twig
diameter) were more important in affecting
IVDMD (Fig. 1), as revealed in the relation
between IVDMD and cellulose (Fig. 2).
Although some differences in quality of
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twigs relative to age and diameter were not
large (Fig. 1), such variation may be impor-
tant to foraging herbivores as they accumu-
late nutrients over time (White 1983).

Importance of winter forage for moose
should be viewed in a broad perspective
(Weixelman et al. 1998); several factors
likely affect foraging behavior. Browse
consumed by moose during winter is com-
posed largely of willow twigs that have a
low content of crude protein (5-7 %), which
will not meet maintenance requirements
(Schwartz 1992), or fully support reproduc-
tion (Schwartz etal. 1988). Northern ungu-
lates are in a negative energy balance dur-
ing winter, and foraging activities princi-
pally slow the rate of loss of body reserves
(Mautz 1978, Barboza and Bowyer 2001).
Some losses of body reserves, however,
may be physiologically regulated, because
moose voluntarily reduce their metabolic
rate and food intake during winter to con-
serve energy (Schwartz et al. 1988). If
nitrogen levels are below maintenance re-
quirements, then IVDMD may become in-
creasingly important for survival of moose
in winter.

Shorter retention times in the rumen are
correlated with higher-quality diets and
longer retention times with lower-quality
forage (Schwartz et al. 1988). Rumen
microbes ferment soluble sugars and cell
solubles rapidly; however, cell walls require
much longer to process (Spalinger 2000,
Russell and Rychlik 2001). Lignin content
also reduces digestibility of forages, as can
tannins and other plant secondary com-
pounds (Bryant et al. 1991, 1994).

Secondary plant compounds (i.e.,
tannins) may play a role in food choice,
because browsing vertebrates avoid con-
suming plant tissues that contain high con-
centrations of secondary metabolites
(Bryant and Kuropat 1980, Palo etal. 1985).
Further, tannins are thought to negatively
affect digestibility of browse for moose
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during winter (Bryant and Kuropat 1980,
Paloetal. 1985). Estimations of digestibil-
ity of woody forage, however, may not need
to be adjusted for tannins, because there
may be some benefits to ruminants from
ingesting forages containing tannins (Kumar
and Singh 1984, Leslie and Starkey 1987,
Hagerman and Robbins 1993). Reid et al.
(1974) postulated that the presence of
tannins provided partial protection of pro-
teins from degradation in the rumen, thereby
enhancing assimilation of nitrogen. Robbins
et al. (1987) suggested that reduction of
protein digestion caused by tannins may not
result from gastrointestinal adaptations, but
may be because of the small amounts of
tannins in winter browse. The saliva of
moose contains large amounts of proline-
rich proteins, which may bind tannins and
thereby reduce their effects on moose
(Hagerman and Robbins 1993, Juntheikki
1996). Further, many tannins in willow are
linear-condensed tannins that moose bind
well, in contrast to other tannins in lower-
quality foods, which moose saliva does not
bind (Barry and McNabb 1999).

Weixelman et al. (1998) suggested that
reduced food availability, quality, and di-
gestibility, combined with the increased en-
ergetic costs of foraging during severe
weather, should force animals to maximize
caloric return per unit energy expended. In
addition, there may be twigs that are too
small, or too widely dispersed to provide
sufficient nutritional value for moose. Re-
lationships between forage digestibility, re-
tention time in the rumen, and rate of intake
(Owen-Smith 1982, Van Soestetal. 1991),
indicate digestibility is likely an important
factor in forage selection by ruminants.
Those relationships probably affect the size
of a bite for moose foraging in winter,
because larger bites have poorer nutritional
quality (Schwartz et al. 1988, Molvar and
Bowyer 1994).

Decreases in digestible-energy content
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of willow twigs with age and diameter re-
flect declining proportions of crude protein
and cell contents as the matrix of the plant
cell wall increases in concentration. Dif-
ferences in digestible-energy content of
twigs may be directly related to food intake
required in winter. Schwartz and Renecker
(1998) calculated adaily intake of digestible
energy in moose during November as 975
kJ/kg"™. Based on our calculations, con-
sumption of 1-year-old twigs with small
diameters would require a mean (= SD)
daily intake of 124 £ 9 gDM/kg"” body
mass, whereas intakes of 3-year-old twigs
with large diameter subtend intakes that are
15% greater (141 £ 8 gDM/kg"”). That
increment in digestive load would increase
gut fill and influence passage rate. Changes
in digestive function associated with energy
demand may feedback on processes of
forage selection at the level of plant and
twig.

The pattern of nutrients and secondary
metabolites across ages and between diam-
eter classes of willow twigs did not conform
tosome of our initial predictions, especially
alack or variation in IVDMD with increas-
ing age. Nonetheless, our results support
the hypothesis that moose should alter their
foraging behavior torespond to variation in
plant nutrients (and perhaps secondary com-
pounds), at fine scales that include nearby
foraging sites and differences among twigs
on the same plant. The forgoing arguments
clearly indicate that quality of forage should
be a critical component in diet selection by
large herbivores, butsuch relationships have
been notoriously difficult to demonstrate in
free-ranging moose (Weixelman etal. 1998).
Those difficulties likely relate to effects of
predationrisk, including influences of group
size, distance from concealment cover, and
differential vulnerability of sex and age
classes to predators, on foraging behavior
and diet selection by moose (Edwards 1983,
Molvar and Bowyer 1994, Weixelman et al.
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1998, White et al. 2001). In addition, vari-
ation in population density with respect to
carrying capacity (K) of the environment
(Bowyer et al. 1999b, Kie 1999, Kie et al.
2003) undoubtly alters foraging behavior of
large mammals. Likewise, allometric dif-
ferences between sexes of ruminants may
also affect assimilation of nutrients and
consequently foraging behavior (Schwartz
et al. 1987; Barboza and Bowyer 2000,
2001; Spaeth et al. 2001). Moreover, the
propensity of sexes to partition space out-
side the mating season in heterogeneous
habitats (Miquelleetal. 1992, Bowyeretal.
2001) has a strong influence on habitats
selected and, in consequence, the manner in
which moose forage. We believe our de-
scriptions of nutrients in willows and how
they varied with respect to site, as well as
age and diameter of twigs, is an important
first step in clarifying diet selection by moose.
We contend, however, that a more com-
plete understanding of foraging dynamics in
this large herbivore ultimately will require a
better integration of the life-history charac-
teristics of moose with nutritional composi-
tion and abundance of their forage.
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