
As habitat factors determining bird species diver-
sity in forests, some researchers have emphasized the
importance of vertical foliage distribution (MacArthur
& MacArthur 1961; Recher 1969) and others have
emphasized tree species composition (Rice et al.
1984; Verner & Larson 1989). Either of these factors
could help different species co-exist in different
forests, and it remains unclear whether one or both
factors provides a general mechanism for coexis-
tence. Holmes et al. (1979) proposed a hypothesis
that tree species composition determines bird species

diversity within guilds, the presence and size of
which are determined by foliage height distribution.
Hino (1985) supported this idea in part by a correla-
tion analysis between habitat variables and bird com-
munities in shelterbelts of Hokkaido, but we need to
know how bird species partition height strata and tree
species based on food availability in forests.

Many studies have shown the different use of
height strata and/or tree species among insectivorous
bird species within the same guild (Hartley 1953;
MacArthur 1958; Morse 1970; Lack 1971; Alatalo
1982; Hino 1998). Few studies, however, have exam-
ined prey abundance and distribution although the
need for such studies has been recognized for many
years (Wiens 1984; Morrison et al. 1990). Holmes
and his colleagues demonstrated that foraging by
birds on three different tree species was influenced by
the prey abundance on and foliage structure of each
tree species and the species-specific ability of the
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birds (Holmes & Robinson 1981; Holmes & Schultz
1988). Their conclusion was somewhat speculative,
however, because they examined only three species
of trees. Moreover, the prey distributions and their ef-
fects on bird foraging at different height strata have
never been studied in forest habitats.

In this paper, we examine the abundance and distri-
bution of prey in four different height strata and eight
tree species in a temperate forest, and analyze the in-
fluence on foraging preference by three breeding tit
(Parus) species. We then reveal interspecific differ-
ences in the degree to which prey abundance deter-
mines foraging preference, and relate it to searching-
pattern constraints on foraging techniques of each
species.

METHODS

1) Vegetation 
This study was conducted in the Nakagawa Ex-

perimental Forest of Hokkaido University, northern
Hokkaido, Japan (44°49�N, 142°16�E). A 6-ha study
plot (200 m�300 m) was established along the moun-
tain ridge (c. 350 m in altitude). This plot largely con-
sists of deciduous broad-leaved trees dominated by
Quercus mongolica and Betula ermanii with �10%
of conifers Picea jezoensis and Abies sachalinensis
(Appendix). Canopy height is 15–20 m. The under-
story is dominated by high density of two bamboo
species Sasa kurilensis and Sasa senanensis 1.0–1.5
m in height.

Vegetation was surveyed in the study plot in July
1990. Species, numbers of individuals and DBH (di-
ameter at breast height) were recorded for all trees >
5 cm in DBH. The relative importance value (IV) of
each tree species was calculated as the percentage of
basal area (the sum of cross sectional areas of trunks
determined from DBH), which is closely correlated
with leaf surface area (Holmes & Robinson 1981). To
determine the foliage distribution (in percentage
cover) at five different height strata (0–3.6 m, 3.6–7.2
m, 7.2–10.8 m, 10.8–14.4 m, 14.4 m�), four cate-
gories of foliage volume (0: none, 1: 1–33%, 2: 34–
66%, 3: 67–100%) were recorded by eye at 459
points, averaged and multiplied by 30% for each stra-
tum. 

2) Insect distribution
All arthropods, most of which were Lepidoptera

larvae (97.6% in dry weight), were collected and
counted from 300 leaves per unit, and their body

lengths were measured in the laboratory. The dry
weight (W, mg: 60°C, 48 h) of an arthropod was esti-
mated from the body length (L, mm) with the follow-
ing equation: W�0.033L2.52 (r�0.92, P�0.001,
N�180). This equation was determined with a part of
the samples (W, mg). For statistical analyses, the dry
weights were transformed to ln(W�0.5) to reduce
skewness.

The abundance of arthropods in the canopy foliage
at different height strata was examined in June 1990.
We collected samples directly from a nine-storied
tower (14.4 m high and 10 m square) built of steel
pipes near the study plot. This tower gave access to
six trees of Quercus mongolica and seven of Betula
ermanii, which were two dominant species. We chose
two units randomly for arthropods sampling from
each tree species at each story in June. The unit sam-
ples from both species were combined and averaged
for each of the same height strata as foliage distribu-
tion except the 0–3.6 m stratum for which no foliage
was accessible. The expected percentage of prey bio-
mass at each height stratum was calculated based on
the average dry weight multiplied by the foliage vol-
ume to compare with the foraging height use by
birds. 

The abundance of arthropods in the canopy foliage
of different tree species was examined in June 1991.
We collected samples from the branches 1–3 m in
height with a clipping method. The tree species ex-
amined were the eight species �2% in IV (Appen-
dix): Quercus mongolica, Betula ermanii, Kalopanax
pictus, Picea jezoensis, Abies sachalinensis, Tilia
japonica, Acer mono and Phellodendron amurense.
We used four different measures of arthropod abun-
dance as determinants of tree species selection by
birds because the tree density and the leaf area varied
among tree species. The two indices of density were
the average dry weight (mg) per 100 leaves (Da) and
per 1 m2–leaf area (Db), and the two indices of total
biomass in the study site were Da�IV (Ta) and Db�
IV (Tb), respectively. To calculate Db, we collected 25
leaves randomly from three trees of each species and
measured their areas with a digitizer. We treated one
shoot with a node for two conifer species and one
leaflet for Phellodendron amurense with compound
leaves as one piece of leaf. 

3) Bird foraging
Observations were made in the morning (0600–

1100 hours) and in the afternoon (1400–1700 hours)
in June and July 1990 and in June 1991. The target
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species were three breeding tit species, Great Tit
Parus major, Willow Tit P. montanus and Coal Tit P.
ater, the densities of which were 21.7, 34.8 and 43.5
pairs/100 ha, respectively (Hino & Nakano 1992).
Body size was largest in P. major, medium in P. mon-
tanus and smallest in P. ater (14.1 g, 10.7 g, 8.5 g in
Nakamura 1978). Each time a bird was observed for-
aging for prey (including active searching), we
recorded the height and tree species, and the prey
length estimated in 5 mm intervals using beak size as
a standard. We also differentiated between three types
of feeding technique (perch-gleaning, hang-gleaning
or sally-hovering; Remsen & Robinson 1990). To
avoid bias from repeated observations of the same in-
dividuals, we collected data from individuals in dif-
ferent territories in the study area. In 1991, foraging
time (searching and handling) was timed for each tree
species. Foraging efficiency (mg/min) was calculated
as a total dry weight of prey (estimated by body
length) divided by the total foraging time for each
tree species. Foraging rate was also calculated as the
number of prey capured per minute.

Tree species preference was calculated with ln
(ri/pi), where ri was the proportion used by birds and
pi was the IV/100 for each tree species i. For the di-
versity of the tree species and feeding technique used
by birds, we used the Simpson’s diversity index: 1/
Spi

2, where pi was the proportion of a category i.
Correlation analyses were conducted to reveal which
indices of food abundance on different tree species
were related to the preferences and the foraging effi-
ciencies by each tit species. We considered P�0.1 as
significance level owing to small sample sizes (5–6).

Bird classification followed the Ornithological Soci-
ety of Japan (2000)

RESULTS

1) Foraging height
In Quercus mongolica and Betula ermanii in 1990,

the average dry weight of arthropods per 100 leaves
was 32.2 mg (�28.6 SD, N�14) in the canopy fo-
liage �3.6 m in height. The dry weights did not differ
significantly among four height strata (F3,24�0.72,
P�0.55), nor in comparisons between pairs of differ-
ent strata (F-test with Bonferroni correction, P�0.20,
Table 1). The foliage volume varied from 38% to
58% in percentage cover among height strata. The es-
timated biomass of prey was least in the top stratum
(14.4 m�) and greatest in the stratum immediately
below (10.8–14.4 m), with a threefold difference be-
tween the two values (Table 1). c2-analyses revealed
that the tit species all foraged made use of each stra-
tum in proportion to the distribution of prey biomass
in the study site, with no significant difference be-
tween species (c2�15.1, df�8, P�0.05).

2) Foraging tree species
In 1991, the average dry weights of arthropods per

100 leaves (Da) varied greatly among tree species
from the lowest in Picea jezoensis through the high-
est in Kalopanax pictus (Table 2). However, the or-
ders of each species changed when we used different
indices of prey abundance. In terms of dry weight per
1 m2 (Db), the highest values were obtained for Betula
ermanii and then Tilia japonica, with large-leafed,
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Table 1. Prey abundance and foraging uses by tits at each height stratum

Height
Caterpiller biomass Bird foraging use (%)

Foliage
category

(%) Dry weight Expected
P. major P. montanus P. ater(m)

per 100 leaves (mg)1 biomass (%)2

14.4– 38.6 22.0�13.9 (4) 14.1 6.3 13.1 25.0
10.8–14.4 58.1 43.7�44.0 (8) 42.1 37.5 33.8 32.4
7.2–10.8 55.8 25.1�15.5 (8) 23.2 29.2 26.2 19.4
3.6–7.2 38.1 32.8�18.3 (8) 20.7 27.1 22.8 17.6

0–3.6 57.2 – – 0.0 4.1 5.6
No. of observations 48 145 108
c2-value (df�3)3 6.63 5.17 5.16

1 Mean�SD (no. of sample size).
2 Percentages based on (Dry weight per 100 leaves)�(Foliage %) in the height categories 2–5.
3 Comparisons of bird foraging use to expected prey biomass in the height categories 2–5. Neither values were significant
(P�0.05).



Kalopanax pictus (Appendix) falling to third place.
Indices of total biomass (Ta and Tb), as expected,
were high in the two dominant species, Betula er-
manii and Quercus mongolica (�30% in IV, Appen-
dix).

Tree species preferences for foraging differed
among tit species (Table 3). P. major foraged on the
lowest diversity of tree species, preferring Betula er-
manii and avoiding conifers. P. montanus showed op-
posing preferences for each of the two coniferous
species, preferring Abies sachalinensis and avoiding
Picea jezoensis. P. montanus also made preferential
use of deciduous species except Quercus mongolica.
P. ater foraged on the greatest diversity of tree
species, but showed special preferences for each of
the two coniferous species and avoided Kalopanax
pictus. Foraging efficiencies on each tree species also
differed among the tit species (Table 4). P. major cap-
tured prey on Betula ermanii and Quercus mongolica
most effectively. P. montanus did so on Betula er-
manii and Kalopanax pictus, and P. ater on Acer
mono.

Correlation analyses were conducted to reveal
which indices of food abundance on different tree
species (Table 2) were related to the preferences
(Table 3) and foraging efficiencies (Table 4) of each
tit species (Table 5). P. major foraged preferentially
on the tree species with high total biomass in the
study site (Ta and Tb). P. montanus foraged preferen-
tially on tree species with high dry weight per leaf
area (Db). In both species, the indices of prey abun-
dance for the tree species where they foraged most
efficiently were consistent with those they preferred,
although this relationship was not significant (Table
5). On the other hand, P. ater did not show positive
relationships with any of the indices, but tended to
avoid foraging on the tree species with high values of
Da and Ta (Table 5).

3) Foraging technique
P. major was a specialized perch-gleaner, P. mon-

tanus foraged most frequently by hang-gleaning, and
P. ater used both perch- and hang-gleaning with the
same frequency. The diversity of foraging techniques
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Table 2. Four indices of prey abundance on each tree species

Tree Da: Dry weight Db: Dry weight Ta: Total biomass Tb: Total biomass
species per 100 Leaves (mg) per 1 m2 (mg) Da�IV1 Db�IV1

QM 27.7 36.9 977.5 1303.4
BE 99.0 293.0 3089.5 9140.6
KP 182.4 137.4 1312.9 989.4
PJ 2.8 10.3 13.2 49.3
AS 11.3 47.7 38.3 162.3
TJ 71.7 155.0 186.5 402.9
AM 29.3 53.9 61.5 113.1
PA 7.4 35.6 14.9 71.2

1 Importance Values (%) in Appendix.

Table 3. Foraging uses and preferences of tits on each tree species

P. major P. montanus P. ater
Tree species

Use (%) Preference Use (%) Preference Use (%) Preference

QM 28.0 0.26 15.1 	0.07 26.0 0.21
BE 50.0 0.74 50.0 0.74 28.0 0.33
KP 8.0 0.48 9.3 0.58 0.0 	0.69
PJ 2.0 	0.69 0.0 	0.69 18.0 1.45
AS 0.0 	0.69 8.1 1.06 10.0 1.24
TJ�AM�PA 6.0 0.35 11.6 0.80 12.0 0.83
No. of observations 50 86 50
Simpson’s diversity 2.94 3.36 5.15



was highest in P. ater and lowest in P. major (Table
6).

In total, foraging efficiency was high in P. mon-
tanus and P. major, and low in P. ater (Table 4). This
difference was related to prey size captured by each
tit species: P. ater caught significantly smaller prey
(9.0 mg�20.4 SD, N�53) than P. montanus (23.8
mg�35.4 SD, N�64, U-test with Bonferroni’s cor-
rection: z�	3.21, P�0.05) or P. major (27.8 mg�
40.8 SD, N�35, z�	2.62, P�0.005). On the con-

trary, foraging rate was highest in P. ater (1.65), the
second in P. montanus (1.46) and lowest in P. major
(1.04). The species with the most diverse technique
took prey at the fastest rate (r�0.99, P�0.05, N�3).

DISCUSSION

During the breeding season, densities of arthropod
prey for tits varied with tree species but not with
height. The three tit species showed interspecific dif-
ferences in their use of tree species but not in use of
height. These quantitative results demonstrate that
tree species composition is a more important habitat
factor than foliage height profile for coexistence of
different tit species in forests. Similar results were
found by Holmes et al. (1979) in North American
forests and by Hino (1985) in northern Japanese shel-
terbelts. These studies show that tree species compo-
sition determines bird species diversity within guilds,
though abundance may be affected further by foliage
height distribution.

Our results suggest that each tit species responded
to a different measure of prey abundance in selecting
tree species for foraging. The largest species, P.
major preferred the tree species with high total bio-
mass in a forest, and the intermediate-sized, P. mon-
tanus preferred those species with high average den-
sity per leaf area. This interspecific difference may be
related to their searching patterns associated with for-
aging technique. P. major was a specialized perch-
gleaner taking prey mainly from the upper surface of
leaves, as reported in other studies (Morse 1978;
Hino 1993). P. montanus hang-gleaned more fre-
quently but also foraged by perch-gleaning and sally-
hovering. Since most of caterpillars are found on un-
dersides of leaves (Greenberg & Gradwohl 1980;
Holmes & Schultz 1988), hang-gleaning would be a
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Table 6. Foraging techniques of tits

Foraging technique P. major P. montanus P. ater

Perch-gleaning 85.4 23.3 41.9
Hang-gleaning 2.4 58.3 40.0
Sally-hovering 12.2 18.3 18.1
Number of observations 41 120 105
Simpson’s diversity 1.34 2.33 2.71

Table 4. Foraging efficiencies of tits on each tree species

P. major P. montanus P. ater

Tree species
Efficiency Time Efficiency Time Efficiency Time
(mg/min) (sec) (mg/min) (sec) (mg/min) (sec)

QM 28.6 457 5.5 384 14.4 672
BE 34.9 1185 46.4 1241 12.0 748
KP 21.9 83 44.3 265 – –
PJ 0.0 36 – – 4.9 253
AS – – 21.9 219 5.9 97
TJ�AM�PA 5.0 201 36.1 409 49.2 162
All species 28.9 2018 34.7 2631 14.8 1932

Table 5. Results of correlation analyses between foraging
preferences (Table 3) or efficiencies of tits (Table 4), and four
indices of caterpiller abundance on each tree species (Table 2)

N Da Db Ta Tb Preference

Preference
P. major 6 NS NS � (�)
P. montanus 6 NS (�) NS NS
P. ater 6 – NS – NS

Efficiency
P. major 5 (+) NS � � (�)
P. montanus 5 NS (�) NS NS NS
P. ater 5 NS NS NS NS NS

Positive correlation: �P�0.05, (�) 0.05�P�0.1; Negative
correlation: 	P�0.05; NS: P�0.1.
N: sample size.



more effective (but energy-expensive) technique for
birds to access them. Thus, P. montanus are expected
to forage on different tree species more flexibly than
P. major while searching for prey from tree to tree, as
indicated by using more diverse species of trees and
fine-scale searching on each leaf. On the other hand,
concentrated searching for prey on a small number of
tree species with high total biomass may be useful for
less flexible perch-gleaners like P. major because
prey accessibility is constrained (Holmes & Robinson
1981; Holmes & Schultz 1988). In spite of these dif-
ferences, both species gained benefits from choosing
the tree species where they foraged most efficiently
(as reported by Partridge 1976a, b).

In contrast, the smallest species, P. ater often used
food-poor tree species. We can suggest two possible
reasons to explain this observation. One possibility is
that interference competition from the larger species
may deny P. ater access to the most profitable forag-
ing sites. Many studies have shown that P. ater are
forced to food-poor substrates in the presence of the
other tit species (Alatalo et al. 1985; Alatalo &
Moreno 1987; Suhonen et al. 1993; Fyhn & Sorensen
1997). These studies all were conducted in winter
when interspecific competition was severe owing to
scarcity of food resources. Our study indicates that
interspecific competition may also play an important
role for foraging-site selection by tits during the
breeding season. The other possibility is that P. ater
with a morphology adapted to conifers (Partridge
1976b), may forage on Picea jezoensis and Abies
sachalinensis frequently regardless of prey abun-
dance. This could be partly true but P. ater was nei-
ther a specialized nor an efficient forager on conifers.
Goldcrests Regulus regulus, which also bred in low
density in the study site (4.3 pairs/km2, Hino &
Nakano 1992), are known as specialized foragers in
conifers (Nakamura 1980). This species foraged on
coniferous trees much more frequently (83% in 1990,
55% in 1991) and more efficiently (20.4 mg/min)
than P. ater, with more frequent sally-hovering (56%)
(Hino et al. unpubl. data). Of the three tit species, P.
ater was the most generalized forager. This species
took prey from a variety of tree species with diverse
foraging techniques: by perch-gleaning like P. major,
hang-gleaning like P. montanus and sally-hovering
like Regulus regulus. Instead of low foraging effi-
ciency, P. ater captured small prey with high speed.
This flexible foraging pattern may make it possible
for this smallest tit species to coexist with the other
tit species. 
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Appendix Average leaf area (�SD, N�25) and importance value (IV) of each tree species

Code Tree species Leaf area (cm2) Importance value (%)

QM Quercus mongolica 75.0�49.5 35.3
BE Betula ermanii 33.8�12.1 31.2
KP Kalopanax pictus 132.7�106.1 7.2
PJ Picea jezoensis 26.8�12.3 4.8
AS Abies sachalinensis 23.6�15.9 3.4
TJ Tilia japonica 49.3�19.7 2.6
AM Acer mono 54.4�26.4 2.1
PA Phellodendron amurens 20.9�14.1 2.0


