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Abstract: Explaining the mechanism of the coexistence of sympatric species is an important goal
of ecology. Five species of woodpeckers coexist in the broadleaved Korean pine forest of Liang-
shui National Nature Reserve, including the Black Woodpecker (Dryocopus martius), Great Spotted
Woodpecker (Dendrocopos major), Lesser Spotted Woodpecker (Dendrocopos minor), Three-toed Wood-
pecker (Picoides tridactylus), and White-backed Woodpecker (Dendrocopos leucotos). Woodpeckers are
considered to be keystone species because of their role as ecosystem engineers, creating breeding
and shelter sites for many vertebrate and invertebrate taxa. As woodpeckers are predominant in
primary forests, they are sensitive to changes in forest ecosystems. To understand their coexistence
mechanisms and propose conservation strategies, it is necessary to investigate their foraging niche
differentiation. This study aimed to identify the foraging behavior parameters and foraging tree
parameters of five woodpecker species in Liangshui Reserve from October to December. The foraging
niches of five woodpecker species were observed, including the type of foraging techniques, foraging
height, foraging site, foraging duration, tree species being foraged upon, diameter of the foraging tree
at breast height, foraging tree height, and decay status of trees. Our results identified that there were
significant differences in the overall foraging ecology of the five species of woodpecker at Liangshui
Reserve. The Great Spotted Woodpecker and Lesser Spotted Woodpecker had more diverse foraging
patterns and preferred to forage on live trees. The Black Woodpecker and Three-toed Woodpecker
excavated and pecked at the trunks of decaying spruce and fir trees. The White-backed Woodpecker
preferred to forage in broadleaved trees. The choice of foraging sites was complicated. The size of
the foraging trees and decay status of trees were important bases for woodpeckers when choosing
trees to forage from. Different woodpeckers achieve stable coexistence through the separation of
their foraging niches. This information regarding foraging behavior and foraging tree characteristics
provides a basis to study the coexistence patterns of woodpeckers. Our research into woodpecker
foraging should be used to inform forest management practices, protect forest ecosystem diversities,
and maintain woodpecker community diversity.

Keywords: coexistence; Black Woodpecker; Great Spotted Woodpecker; Lesser Spotted Woodpecker;
niche differentiation; Three-toed Woodpecker; White-backed Woodpecker

1. Introduction

The mechanism of the coexistence of species in communities is the core of ecology and
biodiversity research [1,2]. The niche concept is often used to explain the coexistence of
sympatric species [3,4]. The competitive exclusion principle (Gause’s principle) states that
two species cannot have exactly the same niche in a habitat and stably coexist, which proves
that niche separation is a necessary condition to maintain the coexistence of species [5].
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Many studies have identified that resource differentiation helps to reduce the num-
ber of niche overlaps between species according to multiple dimensions of niches [6-8].
Foraging niche separation has been extensively studied; species of the same population
that coexist in the same domain differ in their foraging niche [9,10]. Understanding the
foraging niche needs of species can help us to understand this differentiation and explore
the mechanisms of the coexistence of species. Foraging niche differentiation has been
extensively studied in bird populations. The foraging ecological separation of bird com-
munities can be described using a number of methods, including the choice of foraging
substrate and the foraging strategies used. For example, Palearctic migrants and resident
birds in Northern Ghana coexist due to the spatial partitioning of foraging niches and
the use of different foraging techniques [11]. In a mixed population of trees in mature
coniferous forests, the spatial niche separation of foraging sites among different tit species
was observed [12]. Differentiation in foraging may be a mechanism for the coexistence of
sympatric woodpeckers [13].

Research on foraging niche differentiation is particularly important for woodpeck-
ers, which have different degrees of specialization in foraging patterns [14-16]. Some
woodpeckers can create rows of holes in trees to extract the sap, such as the Three-toed
Woodpecker (Picoides tridactylus), the Great Spotted Woodpecker (Dendrocopos major), and a
few sapsuckers. The Great Spotted Woodpecker (Dendrocopos major) can extract seeds from
cones using anvils after removing them from a tree [17].

Woodpeckers are known ecosystem engineers, excavating tree cavities that are subse-
quently used by many other cavity-nesting animals such as mammals, birds, and inver-
tebrates [18-20]. This results in the formation of a nest web, which provides important
resources for the formation and maintenance of forest biodiversity [21,22]. The dependence
of many woodpecker species on specific characteristics such as dead wood for nesting and
large trees for foraging makes woodpeckers an indicator species for the management of
forest quality [23,24]; they interact with wood-rotting fungi and are important for the func-
tioning of forest ecosystems [25]. Woodpeckers are closely related to the forest environment
due to a variety of morphological and ecological specializations [26]; they have been used
to guide forest management methods and forest biodiversity conservation [27,28]. Studying
the ecological characteristics of woodpeckers and understanding their foraging needs are
of significance for the protection of forest ecosystems and to maintain biodiversity.

Foraging niche separation between sympatric woodpecker species allows several
species to steadily coexist in the same type of habitat [13,29,30]. Several studies around
the world have observed niche differentiation in sympatric woodpeckers, for example, in
European forests, where Hogstad (1971) discovered the stratification of winter foraging
on the part of the Great Spotted Woodpecker and Three-toed Woodpecker in the Boreal
forest area near Oslo in southern Norway [31]. Kumar (2020) studied the foraging niche
differentiation of 10 species of woodpeckers coexisting in Northwest India from six niche
dimensions [13]. Bull (1986) surveyed eight species of woodpeckers in Oregon, USA,
and observed differences in their foraging sites, foraging strategies, substrate types, and
preference for obstacles [32]. Nevertheless, the foraging ecology of woodpeckers in Asia
has not been studied in detail.

There are many species of woodpeckers distributed in the original Korean pine needle
broadleaved mixed forests in the temperate zone of Northeast China [33], a suitable location
to evaluate the distribution of foraging ecological niches among woodpeckers. We studied
the foraging ecology and differentiation of sympatric woodpeckers in the broadleaved
Korean pine forests of Northeast China. The purpose of this study was to improve our
understanding of the foraging ecology of sympatric woodpeckers in the forests of this
region, to understand their foraging needs, and to provide the necessary basis for the
development of sustainable forest management and species conservation strategies.
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2. Materials and Methods
2.1. Study Area

The fieldwork was conducted at Liangshui National Nature Reserve (128°48'8"-
128°55'46" E, 47°7'15"—-47°14/38" N) of the Xiao Xing’an mountains in Heilongjiang province,
Northeast China. The geographical location of Liangshui Reserve is in the eastern margin
of the Eurasia continent, which has obvious temperate continental climate characteris-
tics. The average annual temperature is —0.3 °C and the average annual precipitation
is 676 mm. The total area of Liangshui Reserve is 12,133 ha; the original Korean pine
forests cover an area of approximately 2375 hm? [34]. Liangshui Reserve has various forest
types; these are predominantly mixed forest types, including large Korean pine forests
and secondary birch broadleaved forests. The forests almost cover the entire Xiao Xing’an
mountain range at different succession stages [35]. Liangshui Reserve is rich in tree re-
sources and the dominant species is Korean pine (Pinus koraiensis). The other common
trees include Khingan fir (Abies nephrolepis), scale spruce (Picea jezoensis), red spruce (Picea
koraiensis), Xing’an larch (Laris gemlini), Mongolian scotch pine (Pinus sylvestris var. mon-
golica), Japanese birch (Betula platyphylla), Manchurian ash (Fraxinus mandschurica), elm
(Ulmus pumila), Amur linden (Tilia amurensis), Amur cork tree (Phellodendron amurense),
and Mono maple (Acer mono) [36]. There are six species of woodpecker at Liangshui Re-
serve; these include the Black Woodpecker (Dryocopus martius), Great Spotted Woodpecker,
Lesser Spotted Woodpecker (Dendrocopos minor), Three-toed Woodpecker, White-backed
Woodpecker (Dendrocopos leucotos), and Grey-headed Woodpecker (Picus canus). The Grey-
headed Woodpecker is relatively rare in this location; only the other woodpeckers were
observed in this study.

2.2. Data Collection

The fieldwork was performed in autumn and winter of 2020-2021; the data were
collected from October to December each year. Foraging birds were observed via random
walks in the study area, which usually began one hour after sunrise and lasted until sunset.
Woodpecker individuals were located mainly by sound (pecking and calling) and using
binoculars. Once a bird was detected, the time of its foraging, its species, the parameters
of its foraging behavior, and its foraging site were recorded. The foraging duration was
measured from when the woodpecker was located to when the bird flew to another tree.
To ensure sample independence, multiple observations of the same individual were not
usually considered. In rare cases, a second observation was permitted after the woodpecker
moved at least 100 m from the previous position [37,38]. To avoid disturbing the birds, we
maintained a viewing distance of no less than 10 m from them.

2.2.1. Foraging Behavior Variables

The following variables were recorded for each foraging behavior observation: for-
aging technique (FOT), foraging height (FOH), foraging site (FOS; trunk or branch), and
foraging duration (FOD; min). We distinguished the foraging techniques into the following
categories (Remsen and Robinson, 1990) [39]: (1) pecking, or pecking at a tree trunk or
branch from which small pieces of bark or wood chips fall (to forage under the bark);
(2) excavating, or making a hole with the beak from which large pieces of bark and wood
fall (to forage on the wood layer); (3) scaling, or flaking off the bark; (4) picking, or picking
up food from the surface of a tree trunk or branch; (5) probing, or poking and peering
for food in a tree where there are holes or cracks; and (6) extracting, where woodpeckers
remove cones from trees and place them in anvils, which they use to extract seeds from
the cones [40]. In addition, the rare occurrence of woodpeckers accidentally foraging pests
directly from cones falls into this category. Most often, crevices and cracks in bark or
fractures formed in branches as a result of the breaking-off or decay of their parts become
anvils. Under this foraging technique, the foraging of a cone is recorded as a foraging
duration. We recorded the foraging height using the following four classes: canopy, upper
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trunk, lower trunk, and near-ground (including the base of the tree, the fall of the wood,
and the ground).

2.2.2. Foraging Tree Characteristics

The foraging tree characteristics included the following: the tree species being foraged
upon (TRS); the diameter of the foraging tree at breast height (DBH; cm); the height of the
foraging tree (FTH; m); and the decay status of the tree (DST). The decay status of the tree
was divided into the following four categories: (1) living; (2) sick, with dead or yellow
leaves or fungal presence; (3) recently dead, with a bark cover of 80%-90% or leafless; and
(4) long-dead, with <80% bark cover. To determine the trees preferred by the woodpeckers
as foraging sites, we assessed whether specific species were selective in their choice of
foraging trees by comparing foraging trees (i.e., foraging species) and control trees (i.e.,
trees of similar size to foraging trees that were randomly selected in the same stand).

2.3. Data Analysis

To eliminate multicollinearity, Spearman’s correlation coefficient was used to evalu-
ate the correlation between all variables. If there was a strong correlation between two
variables (Spearman’s rank correlation; |rs| > 0.70), only the more important parameters
for woodpeckers in the literature were selected for further analyses [41]. To determine
which foraging behavior variables and foraging tree characteristics of the five species of
woodpecker were significantly different, a multiclassification logistic regression (MLR)
analysis was performed using the bird species as the dependent variables and variables
other than the foraging duration as the independent variables. A stepwise regression
method was adopted to optimize the model. All categorical variables in the independent
variables were converted into factors. For variables entered into the optimal model, a
likelihood ratio test was used for a significance test. The variables with a significant test
were selected for the subsequent analysis.

Each foraging variable was assessed for differences between species. For variables
measured as continuous data (i.e., DBH, FTH, and FOD), these were obtained using Mann-
Whitney U tests (« level = 0.05). For the categorical variables (i.e., TRS, DST, FOT, FOH, and
FOS), chi-squared tests (« level = 0.05) were used. To examine which variables were associ-
ated with the woodpecker foraging duration, a generalized linear mixed model (GLMM)
with a gamma error distribution and log link function was developed. The following
parameters were used in the analysis as fixed categorical explanatory variables: the TRS,
FOH, FOS, FOT, and DST. DBH and FTH were used as continuous explanatory variables.

To compare the differences in the diversity of the trees that the woodpeckers fed on,
we calculated the Shannon-Wiener index (H’) [42]. The selectivity of five woodpecker
species to foraging tree species was analyzed using Bailey’s method based on the use
available method principle [43]. Statistical analyses were performed using R version 4.1.2
software [44]. Measurements were assigned as the mean + SE.

3. Results

A total of 477 foraging records for five woodpecker species and 477 control trees were
collected, including 94 for the Black Woodpecker, 150 for the Great Spotted Woodpecker,
59 for the Lesser Spotted Woodpecker, 104 for the Three-toed Woodpecker, and 70 for the
White-backed Woodpecker.

3.1. Separation of Foraging Niches of Five Woodpecker Species

According to Spearman’s correlation test, there was no strong correlation between
all variables; thus, all variables were included in the subsequent analysis. The stepwise
multinomial logistic regression results indicated that all seven variables involved in the
analysis of the foraging tree characteristics and foraging behavior variables had significant
effects on the separation of the foraging niches of the five woodpecker species (Table 1).
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Table 1. Stepwise multinomial logistic regression results of forage habitat factors of five woodpecker
species in broadleaved Korean pine forests of Northeast China.

Effect Model Fitting Criteria Likelihood Ratio Tests

o —2Log Likelihood Chi-Square Df Sig

Intercept 769.029 - - -

TRS 843.464 74.434 24 1.406 x 10~24
FOH 800.303 31.274 12 2367 x 1078
FOS 795.437 26.408 4 6.614 x 1077
FOT 826.995 57.966 20 0.002
DST 807.898 38.868 12 0.005
DBH 786.907 17.877 4 0.003
FTH 791.602 22.572 4 0.000

TRS: tree species being foraged upon; FOH: foraging height; FOS: foraging site; FOT: foraging technique; DST:
decay status of trees; DBH: diameter of foraging tree at breast height; FTH: height of foraging tree.

3.2. Differences in Foraging Behavior of Five Woodpecker Species

The proportional use of the height of a foraging tree for foraging significantly differed
among species (x> = 66.2; df = 1; p < 0.001). All five woodpecker species foraged more
often in the upper trunks of trees and rarely at a near-ground level (Figure 1). The Lesser
Spotted Woodpecker rarely foraged in the lower trunks and demonstrated a clear preference
for canopy-height foraging (38.6%) compared with the other birds (Black Woodpecker,
2.3%; Great Spotted Woodpecker, 9.7%; Three-toed Woodpecker, 11.7%; and White-backed
Woodpecker, 8.2%). When comparing between-species pairs (Table 2), there were significant
differences in foraging height between the Lesser Spotted Woodpecker and the other
four species.

Table 2. Inter-species differences between species pairs for foraging site (below diagonal) and foraging
height (above diagonal) in broadleaved Korean pine forests of Northeast China. Figures indicate
p-values from chi-squared tests. Differences were significant at o« = 0.05 and are shown in bold.

BW GSW LSW TtW WbW

BW 0.005 <0.001 0.074 0.187

GSW <0.001 <0.001 0.036 0.100

LSW <0.001 <0.001 <0.001 <0.001

TtW 0.047 <0.001 <0.001 0.978
WbW <0.001 0.812 <0.001 0.003

BW: Black Woodpecker (Dryocopus martius); GSW: Great Spotted Woodpecker (Dendrocopos major); LSW: Lesser
Spotted Woodpecker (Dendrocopos minor); TtW: Three-toed Woodpecker (Picoides tridactylus); WbW: White-backed
Woodpecker (Dendrocopos leucotos).

An analysis of the foraging sites demonstrated clear differences between the five
woodpeckers (x* = 92.2; df = 4; p < 0.001). Compared to the Lesser Spotted Woodpecker, the
other four species of woodpecker made greater use of the trunks (Black Woodpecker, 94.3%;
Great Spotted Woodpecker, 60.0%; Three-toed Woodpecker, 84.0%; and White-backed
Woodpecker, 61.9%) (Figure 1). The Black Woodpecker was conspicuous in its preferential
use of trunks. There was no difference between the Great Spotted Woodpecker and White-
backed Woodpecker, but there was a significant difference between the other species pairs
(Table 2).

The use of foraging techniques significantly differed between the five woodpecker
species (x> = 122.6; df = 20; p < 0.001). The Black Woodpecker used only three foraging
techniques; the most common was excavating (71.1%), followed by pecking (21.7%), and
then intermittent probing (7.2%) (Figure 1). The Great Spotted Woodpecker used a variety
of foraging techniques; the most common was pecking (38.7%), followed by excavating
(21.8%) and extracting (15.5%). Extracting has only been observed once in the White-backed
Woodpecker (1.5%). There were significant differences between species pairs, except for
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between the White-backed Woodpecker and the Lesser Spotted Woodpecker and between
the White-backed Woodpecker and the Three-toed Woodpecker (Table 3). Pecking was the
technique most used by the White-backed Woodpecker and Lesser Spotted Woodpecker
(43.9% and 41.4%, respectively). The Three-toed Woodpecker mostly used excavating
(38.8%) and pecking (33.7%), then intermittent probing (14.3%) and scaling (11.2%).
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Figure 1. Relationship between foraging frequency and foraging technique: (A), foraging height
(B), foraging site (C), and decay status of trees (D) of five woodpecker species in broadleaved
Korean pine forests of Northeast China. BW: Black Woodpecker (Dryocopus martius); GSW: Great
Spotted Woodpecker (Dendrocopos major); LSW: Lesser Spotted Woodpecker (Dendrocopos minor); TtW:
Three-toed Woodpecker (Picoides tridactylus); WbW: White-backed Woodpecker (Dendrocopos leucotos).

Table 3. Inter-species differences between species pairs for foraging techniques (below diagonal) in
broadleaved-Korean pine forests of Northeast China. Figures indicate p-values from chi-squared tests.
Differences were significant at & = 0.05 and are shown in bold.

BW GSW LSW TtW WbW
BW
GSW <0.001
LSW <0.001 0.003
TtW <0.001 <0.001 0.041
WbW <0.001 0.007 0.647 0.069

BW: Black Woodpecker; GSW: Great Spotted Woodpecker; LSW: Lesser Spotted Woodpecker; TtW: Three-toed
Woodpecker; WbW: White-backed Woodpecker.

The foraging duration was significantly different among the five species of woodpecker
(H =67.9; df =4; p<0.001). The longest foraging duration was recorded for the Black
Woodpecker (10.5 & 1.5 min), followed by the Three-toed Woodpecker (7.1 & 0.7 min); for
the remaining three species of woodpeckers, the foraging duration was less than 5 min
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(Great Spotted Woodpecker, 3.7 & 0.4 min; Lesser Spotted Woodpecker, 4.8 + 0.6 min; and
White-backed Woodpecker, 4.7 & 0.7 min) (Figure 2). The foraging durations for the Black
Woodpecker and Great Spotted Woodpecker were significantly different from all other
species (Figure 2). The GLMM analysis indicated that the foraging duration was associated
with the foraging techniques and the decay status of trees (Table 4).

14 ¢
a

12
10 |

Foraging duration(min)

BW GSW LSW TtW Wbw
Species

Figure 2. Differences in foraging duration per tree among five woodpecker species in broadleaved
Korean pine forests of Northeast China. Different letters above the boxes illustrate significant
differences in the foraging duration of the five woodpecker species. BW: Black Woodpecker; GSW:
Great Spotted Woodpecker; LSW: Lesser Spotted Woodpecker; TtW: Three-toed Woodpecker; WbW:
White-backed Woodpecker.

Table 4. GLMM analysis evaluating the influence of variables on the foraging duration of five
woodpecker species in broadleaved Korean pine forests of Northeast China.

Variable F dfl df2 p

Intercept 2.667 20 343 <0.001
TRS 0.883 6 343 0.507
FOH 2.370 3 343 0.070
FOS 0.001 1 343 0.971
FOT 4.294 5 343 0.001
DST 3.046 3 343 0.029
DBH 0.837 1 343 0.361
FTH 0.672 1 343 0413

TRS: tree species being foraged upon; FOH: foraging height; FOS: foraging site; FOT: foraging technique; DST:
decay status of trees; DBH: diameter of foraging tree at breast height; FTH: height of foraging tree.

3.3. Differences in the Foraging Tree Characteristics of the Five Woodpecker Species

We observed significant differences in the frequency of the use of foraging tree species
among the five woodpecker species (x> = 164.8; df = 24; p < 0.001). The Black Woodpecker
preferred to forage on Khingan fir and avoided Korean pine and Xing’an larch trees, with
random use of the other tree species (Table 5). The Great Spotted Woodpecker and Lesser
Spotted Woodpecker demonstrated random use of foraging tree species. The Three-toed
Woodpecker preferred scale spruce and Khingan fir; they avoided Japanese birch, Xing’an
larch, and the other tree species. The White-backed Woodpecker preferred elm, avoided
Xing’an larch trees, and demonstrated random use of the other tree species. There were
significant differences between each species pair (Table 6). The Great Spotted Woodpecker
(H' =2.03) and Lesser Spotted Woodpecker (H' = 2.01) used the widest diversity of trees
for foraging, followed by the White-backed Woodpecker (H' = 1.75), Black Woodpecker
(H' =1.34), and Three-toed Woodpecker (H' = 1.08).
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Table 5. Selectivity in tree species used for foraging by five woodpecker species in broadleaved Korean pine forests of Northeast China.

BW GSW LSW TtW WbW
TRS Exp.per Bailey’s Bailey’s Bailey’s Bailey’s Bailey’s
Obs.num Intervals Sel. Obs.num Intervals Sel. Obs.num Intervals Sel. Obs.num Intervals Sel. Obs.num Intervals Sel.
itvl  itvu itvl  itvu itvl  itvu itv.l itv.u itv.l itv.u

SCS 0.149 16 0.084 0.316 o 18 0.069 0.243 o 2 0.000 0.156 [ 27 0.157 0.403 + 9 0.045 0.294 o
KHF 0.213 48 0.401 0.695 + 26 0.117 0.317 ) 5 0.014 0.235 [ 54 0.400 0.674 + 17 0.131 0.441 o
KOP 0.234 9 0.032 0.218 - 25 0.110 0.308 o 5 0.014 0.235 ) 15 0.066 0.266 o 11 0.064 0.333 o
JAB 0.128 8 0.025 0.203 o 13 0.041 0.194 ) 15 0.122  0.450 [ 0 0.018 0.051 - 10 0.054 0.314 o
XIL 0.128 0 0.021 0.058 - 22 0.092 0.280 o) 12 0.084 0.390 [ 3 0.001 0.106 - 1 0.003 0.112 -
ELM 0.043 2 0.000 0.102 o 10 0.026 0.164 o 7 0.030 0.283 o) 0 0.018 0.051 o 12 0.074 0.351 +
ELS 0.106 3 0.01 0.121 o 11 0.031 0.174 ) 9 0.050 0.327 ) 0 0.018 0.051 - 2 0.000 0.140 o

SCS: Scale spruce; KHF: Khingan fir; KOP: Korean pine; JAB: Japanese birch; XIL: Xing’an larch; ELM: Elm; ELS: Else; Exp.per: excepted ratio; Obs.num: observation numbers; itv.l:
lower limit; itv.u: upper limit; Sel.: selectivity; +: preference (observed usage significantly higher than expected); -: avoidance (observed usage significantly lower than expected); o:
random use (observed usage in proportion to availability); BW: Black Woodpecker; GSW: Great Spotted Woodpecker; LSW: Lesser Spotted Woodpecker; TtW: Three-toed Woodpecker;
WbW: White-backed Woodpecker.
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Table 6. Inter-species differences between species pairs for foraging tree species (below diagonal)
and decay status of trees (above diagonal) in broadleaved Korean pine forests of Northeast China.
Figures indicate p-values from chi-squared tests. Differences were significant at o = 0.05 and are
shown in bold.

BW GSW LSW TtW WbW
BW <0.001 <0.001 0.040 <0.001
GSW <0.001 0.310 <0.001 0.044
LSW <0.001 0.002 <0.001 0.003
TtW 0.003 <0.001 <0.001 0.007
WbW <0.001 0.009 <0.001 <0.001

BW: Black Woodpecker; GSW: Great Spotted Woodpecker; LSW: Lesser Spotted Woodpecker; TtW: Three-toed
Woodpecker; WbW: White-backed Woodpecker.

The five woodpecker species differed in the decay status of trees (x> = 111.1; df = 12;
p < 0.001). The Black Woodpecker mostly used long-dead trees (45.3%) (Figure 1), and
recently dead trees (20.9%). The Great Spotted Woodpecker and Lesser Spotted Woodpecker
demonstrated similar choices in the different status of foraging trees, mainly foraging on live
trees (62.9% and 76.8%, respectively), followed by dead trees (16.1% and 8.9%, respectively).
The White-backed Woodpecker most frequently foraged on living trees (44.3%), followed
by sick trees (26.2%). The Three-toed Woodpecker was often observed foraging on sick trees
(34.8%) and long-dead trees (28.3%). There were significant differences among the other
species pairs, except for one species pair (Great Spotted Woodpecker and Lesser Spotted
Woodpecker) (Table 6).

We recorded tree diameters ranging from 5 cm to 107 cm. The foraging tree diameters
were significantly different among the five woodpecker species (H = 20.8; df = 4; p < 0.001).
The average diameter of the foraged trees of the Great Spotted Woodpecker was the
largest (42.1 & 1.8 cm), and was significantly larger than that of the other woodpeckers
(Figure 3). There was no significant difference between the White-backed Woodpecker,
Black Woodpecker, and Three-toed Woodpecker in the foraging tree diameters (35.5 + 2.4,
35.5 £ 1.5 cm, and 33.4 £ 1.3 cm, respectively). The Lesser Spotted Woodpecker foraged
on smaller-diameter trees (30.0 £ 1.8 cm). The five woodpecker species foraged on trees
ranging in height from 3 to 30 m. The foraging tree height was significantly different among
the species (H = 26.0; df = 4; p < 0.001). The mean height of foraging trees was higher
for the Great Spotted Woodpecker (18.6 & 0.3 m) and Black Woodpecker (17.4 & 0.3 m),
followed by the Three-toed Woodpecker (16.9 & 0.5 m). The average heights of foraging
trees for the White-backed Woodpecker and Lesser Spotted Woodpecker were 15.0 &= 0.6 m
and 14.9 4+ 0.6 m, respectively; these were significantly lower than those of the other
woodpeckers (Figure 3).
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Figure 3. Comparison of DBH (A) and FTH (B) among five woodpecker species in broadleaved
Korean pine forests of Northeast China. See Figure 1 for species codes. In the boxplot, the boxes
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represent the middle 50% of scores, the horizontal lines represent the medians, observed values are
represented using translucent dots, and whiskers include the range of distribution without outliers.
Different letters above the boxes illustrate significant differences in DBH and FTH among the five
woodpecker species. BW: Black Woodpecker; GSW: Great Spotted Woodpecker; LSW: Lesser Spotted
Woodpecker; TtW: Three-toed Woodpecker; WbW: White-backed Woodpecker.

4. Discussion

We conducted a systematic analysis on the foraging behavior and foraging tree char-
acteristics of five woodpecker species at Liangshui National Nature Reserve. The seven
variables involved in the analysis of the foraging tree characteristics and foraging behavior
variables had significant effects on the foraging niche separation of the five woodpecker
species. We observed a notable differentiation in the overall foraging ecology of the five
woodpecker species at Liangshui Reserve. Species pairs also demonstrated different de-
grees of differentiation along different ecological dimensions. The diameter of the foraging
trees emerged as an important factor in niche segregation. The selection of the foraging
tree species and the decay status of trees were important factors affecting the ecological
niche separation of the five woodpecker species.

4.1. Multinomial Logistic Regression Results of Forage Habitat Factors of Five Woodpecker Species

In past studies, the methods of calculating the niche width and niche overlap index
to analyze the degree of niche separation among species were used, and many important
results were obtained [45,46]. However, in the calculation process of this kind of index, each
variable is actually averaged, which may hide the information contained in the variable.
We used multinomial logistic regression, to maximize the use of the information contained
in the data and improve the sensitivity in identifying the niche differentiation. The results
of multinomial logistic regression showed that the five woodpecker species had distinct
foraging niche separation in terms of their foraging behavior and the characteristics of the
foraging trees.

4.2. Differences in Foraging Behavior of the Five Woodpecker Species

The Black Woodpecker is a large woodpecker; it exhibited a high proportion of exca-
vating, which was consistent with the foraging techniques primarily used by other larger
woodpeckers [47]. Due to its large size, the Black Woodpecker requires greater energy
to supplement its physical strength; thus, it must obtain large wood-living beetle larvae
buried deep within the tree trunks by using long-term excavation [48,49]. Excavating and
pecking allows the Black Woodpecker to expose the wood-living beetle larvae that live
in the borehole. The other woodpeckers observed in our study fed using excavating and
pecking in considerable proportion, suggesting that these two foraging techniques are the
main techniques used by the woodpeckers at Liangshui Reserve. Studies have identified
that woodpeckers can prey on Lepidoptera larvae and bark beetles by pecking them out
of their galleries [50,51]. Many studies have identified that the Great Spotted Woodpecker
can extract conifer seeds, especially when food is scarce [40]. We observed an occasional
occurrence where a White-backed Woodpecker used extraction. So far, no studies have
reported that the White-backed Woodpecker can extract seeds, so the possibility that it
forages for pests inside the cone by chance cannot be ruled out. In winter, there is almost
no food on the surface of plants; thus, the proportion of foraging using picking is relatively
small. With the exception of the Lesser Spotted Woodpecker, the woodpeckers in our study
fed more on the tree trunks. Compared with the trunk, the branches of trees are softer;
these may be more suitable for the smaller, weaker beak of the Lesser Spotted Woodpecker.
Charman (2012) et al. studied the foraging behavior of the Lesser Spotted Woodpecker in
mature woodland blocks in England and observed that the small branches of live oak trees
were most commonly used for foraging. This was consistent with our study [52].
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The foraging duration of a single tree for woodpeckers may be related to the foraging
techniques used by woodpeckers and the decay status of trees. The foraging duration of a
single tree for species with a higher proportion of excavation was also longer, which means
excavating takes longer. According to our field observations, the Black Woodpecker could
form large and deep burrows when excavating; this required the longest time, which was
consistent with published studies [30]. Trees that are in the process of decline may have
more abundant prey inside, making it take longer for woodpeckers to forage.

All five species rarely forage near the ground, one possible reason being snow cover,
where there may be a lack of food, and another possible reason being to avoid predators.
A high stratification of foraging maximizes the utilization of resources by birds, and the
vertical stratification of foraging by woodpeckers has also been noted in European and
North American studies [31,53,54]. Hogstad (1971) demonstrated that the Great Spotted
Woodpecker used the higher parts of trees for foraging more often than the Three-toed
Woodpecker, which was consistent with our study [30]. Kumar (2020) et al. identified that
foraging height was an important differentiation factor among sub-Himalayan woodpeck-
ers [13]. All these results suggest that particular woodpeckers use different techniques or
collect food in different locations to rationalize resources to achieve coexistence.

4.3. Differences in Foraging Tree Characteristics of Five Woodpecker Species

The five species of woodpecker demonstrated different preferences for the foraging of
trees. The Black Woodpecker and Three-toed Woodpecker demonstrated a preference for
fir and spruce; both are birds from northern spruce and fir forests [55]. Their main diet is
the larvae of wood and bark-boring beetles, which are found in abundance in spruce and
fir [56]. The Great Spotted Woodpecker and Lesser Spotted Woodpecker randomly used
different tree species for foraging. Michalek and Miettinen (2003) identified that the Great
Spotted Woodpecker is an omnivorous bird; its foraging techniques and food collection
sites are extensive. Other studies have observed that the White-backed Woodpecker forages
on broadleaved trees such as elm, poplar, and birch [57,58].

Dead wood is considered to be an important resource for many woodpecker species.
During its decay, various wood-boring arthropods inhabit various layers of the dead
wood, providing a food resource for birds [55,59,60]. Many studies have observed that
the Black Woodpecker and Three-toed Woodpecker often forage on dead and soft wood
that is relatively easy to excavate [61,62], which was consistent with our results. The Great
Spotted Woodpecker and the Lesser Spotted Woodpecker use living trees more frequently.
Previous studies have demonstrated that they are often associated with living trees [63,64].
We observed that the White-backed Woodpecker made use of both live and dead trees.
Similar to our results, Czeszczewik (2009) demonstrated that woodpeckers mainly ate
dead trees or the dead parts of live trees [58]. Compared with the other woodpeckers,
the Great Spotted Woodpecker chose to forage on trees with a larger DBH and higher
trees. The Black Woodpecker chose to forage on trees with a larger DBH. Other studies
have also demonstrated segregation among woodpeckers by foraging substrate size [65,66].
Although woodpeckers use different-sized substrates differently, large trees are important
for each species of woodpecker. Kumar (2014) et al. noted that an abundance of large trees
is an important determinant of woodpecker diversity [67]. Larger trees can provide hidden
foraging conditions for woodpeckers, which reduces the risk of predation.

5. Conclusions

Our results demonstrated that the Great Spotted Woodpecker and the Lesser Spotted
Woodpecker had a wider range of foraging sites and preferred to forage on live trees, but
the Great Spotted Woodpecker preferred larger trees. The Black Woodpecker and Three-
toed Woodpecker excavated and pecked more the trunks of decaying spruce and fir trees.
The White-backed Woodpecker preferred to forage on broadleaved trees. The selection
of foraging locations was also complicated. These results suggest that to achieve stable
coexistence, there was a significant niche differentiation among the woodpecker species
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at Liangshui Reserve. This differentiation may be a potential mechanism for woodpecker
community coexistence in northern broadleaved Korean pine forests. The factors that cause
this separation remain to be studied, and they may also be related to resource availability,
such as nesting and roosting sites, as well as food abundance. Further collection of these
data is needed to explain the mechanisms of woodpecker community coexistence in detail
to protect the diversity of woodpecker species, as well as the diversity of tree species in
forests, preserving trees of different diameters, as well as dead wood.
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