
Introduction

Physical attributes of vegetation profoundly affect the

richness and species composition of bird communities and

the total abundance of birds in temperate forest stands. Major

variation is also associated with tree species composition, es-

pecially the relative quantities of broadleaved and coniferous

trees (James and Wamer 1982, Moskát and Fuisz 1995, Eas-

ton and Martin 1998). Understanding the nature of these re-

lationships is fundamental to predicting the effects of forest

management on bird communities. Several studies have

sought to identify broad relationships between the structural

complexity of vegetation, measured in various ways, and di-

versity of bird communities (e.g., Karr and Roth 1971, Will-

son 1974, Mills et al. 1991, Koròan and Adamík 2007).

Whilst it appears that such relationships exist across diverse

vegetation types, it is unclear to what extent they are evident

within forest environments (Willson 1974). The concept of

vegetation structural complexity is also difficult to translate

into specific properties of stand structure that have meaning

in the context of forest management. More informative ap-

proaches have either focused on comparisons of particular

management treatments (Annand and Thompson 1997, Del-

lasala et al. 1996, Fuller and Green 1998, Robinson and Ro-

binson 1999), experimental manipulations (Gram et al. 2003,

Hayes et al. 2003), or on modelling avian community rela-

tionships with multiple measurements of forest structure and

tree species composition (James and Wamer 1982, Rice et al.

1984, Verner and Larson 1989, Canterbury et al. 2000). Most

relevant quantitative studies have been undertaken in North

America; knowledge of effects of forest management in
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Abstract: The tree canopy characteristics of two broadleaved woods in southern England were quantified in terms of two

independent measures of structure, canopy height (calculated using heights ≥ 1 m) and percentage canopy cover (derived using

heights < 1 m), using airborne Light Detection and Ranging. The woods differed strikingly in structure due to their management

systems; one was predominantly mature oak and the other coppice, comprising a patchwork of growth stages. Fine-scale

relationships between breeding bird species distributions, determined by mapping censuses, and canopy height and canopy

cover were assessed. Despite the differences in structure, species showed great consistency between the woods in their rank

positions across gradients of canopy height (rank correlation between woods, r = 0.77, p < 0.001) and canopy cover (r = 0.61,

p = 0.003). In both woods, and especially the mature oak (R
�

> 0.90, p < 0.001), there was a positive correlation across bird

species between the mean values of canopy height and canopy cover associated with the mapped locations of each species. We

suggest that canopy height acts as an effective surrogate of woodland structure and can be applied as a predictor of woodland

bird composition and distribution, at least in lowland British conditions. Species associated with young growth were more

restricted by habitat structure, as measured by differences in canopy height and canopy cover between the two woods, than

were species associated with taller canopies. Remote sensing of canopy height potentially offers a simple, effective way of

assessing habitat availability for many species, at both woodland and landscape scales. This may be especially relevant for

species dependent on highly transient vegetation structures associated with the early pre-canopy closure stages of forest growth.

Abbreviations: DCHM – Digital canopy height model, DSM – Digital surface model, DTM – Digital terrain model, LiDAR

– Light detection and ranging.

Nomencature: The British List (British Ornithologists' Union) for birds.



Europe is far less advanced (Moskát and Fuisz 1994, Fuller

et al. 2007, Quine et al. 2007).

Not surprisingly, a diverse array of habitat variables has

been identified as ecologically significant determinants of

bird community attributes. At the level of individual species,

the list of apparently important variables becomes enormous.

Nonetheless, two broad elements of vegetation structure ap-

pear to be especially influential for avian species composi-

tion, richness and/or abundance. The first is understorey den-

sity. Many species, in both European and North American

forests, select habitats on the basis of resources provided by

understorey structures and are likely to be affected by proc-

esses that alter these structures (Fuller and Henderson 1992,

Moskát and Fuisz 1994, Willson and Comet 1996, McShea

and Rappole 2000, Fuller 2001, Hinsley et al. 2007). Sec-

ondly, a large number of studies have indicated that a suite of

canopy characteristics is associated with major variation in

bird assemblages. These include canopy height, crown vol-

ume and canopy cover (James and Wamer 1982, Helle and

Fuller 1988, Verner and Larson 1989, Germaine et al. 1997,

Fuller 2000, Moorman and Guynn 2001). These two struc-

tural elements are not necessarily independent because can-

opy characteristics can exert a strong influence on under-

storey density through shading.

Canopy characteristics, especially height and canopy

cover, are strongly affected by management practices. This

is most obviously observed in rotational felling systems

(clear-cutting and coppice) which typically create patch-

works of stands at different stages of growth varying in tree

height and canopy cover. The structural changes accompany-

ing stand development are often paralleled by large bird com-

munity changes (Helle 1985, Fuller et al. 1989, Helle and

Mönkkönen 1990, Fuller and Henderson 1992, Donald et al.

1998). In such systems, canopy height may be a useful indi-

cator of bird community structure and species composition

by acting as a surrogate variable for a complex of vegetation

attributes that change with stand development. Hinsley et al.

(2002) have also suggested that canopy height acts as a sur-

rogate for canopy density which is likely to be one factor de-

termining habitat quality for canopy-feeding insectivorous

species. Knowledge of how species respond to canopy char-

acteristics is, therefore, of potential value in predicting ef-

fects of forest management on the composition of bird com-

munities.

For canopy characteristics to be useful as predictors of

distributions, species would need to display reasonably con-

sistent relationships with the measured variables. In this pa-

per, we examine fine-scale spatial relationships between

breeding bird species and canopy height and canopy cover in

two woods in southern Britain to assess the consistency of the

bird species responses to canopy structure. These woods had

very different habitat structures because of their contrasting

management systems. We expected there to be a general

positive relationship across species in the relationship be-

tween canopy height and canopy cover – that is, species

would select different phases of the successional gradient.

Turnover rates of bird species across successional gradients

tend to be highest in the early stages, although this is difficult

to quantify (Helle and Mönkkönen 1990). This may imply

that bird species typical of young-growth are more tightly

bound to particular habitat structures than species associated

with the more mature stages. Studies of the dynamics of Brit-

ish coppiced woodland indicate that species associated with

early growth stages are more strongly constrained in their

distributions across vegetation gradients compared with spe-

cies reaching peak abundances later (Fuller et al. 1989). Mi-

grants in particular tend to be confined to early growth stages

(Helle and Fuller 1988, Fuller et al. 1989, Fuller and Hender-

son 1992). By comparing habitat use patterns in contrasting

woods, we assess whether species associated with young

growth stages are more conservative in their relationships

with canopy structure than species associated with later

stages.

Canopy characteristics are extremely difficult to measure

by ground-based methods. This paper is novel in that air-

borne remote sensing (Light Detection and Ranging, Li-

DAR) was used to assess how canopy structure varied within

two woods of strikingly different structures. This informa-

tion was combined with locational data on birds derived from

spot mapping to assess patterns of habitat association. Air-

borne LiDAR techniques are especially valuable for deter-

mining attributes of vegetation canopy structure because

they provide high resolution data at the scale of whole woods

or landscapes. The technology has great potential for quanti-

fying landscape and habitat structure (Lefsky et al. 2002, Lim

et al. 2003, Næsett 2004) and parameterizing predictive or-

ganism-habitat models (e.g., Hinsley et al. 2002, Hill et al.

2004, Bradbury et al. 2005, Broughton et al. 2006, Hinsley

et al. 2006, Goetz et al. 2007, Vierling et al. 2008). We high-

light the potential of such techniques to monitor habitat avail-

ability, and especially for species dependent on highly

ephemeral vegetation structures.

Methods

Study sites and their management

The study sites comprised Bradfield Woods (52
�
11’ N,

0
�
50’ E) in Suffolk, eastern England and Sheephouse Wood

(51
�
54’ N, 0

�
58’ W) in Buckinghamshire, east central Eng-

land (Fig. 1). Both are ancient semi-natural woods (Peterken

1993), but are managed in different ways. Both contain net-

works of paths and both are isolated woods surrounded by

open farmland, although an active land-fill site flanks the

western edge of Sheephouse beyond the railway line visible

in Figure 1.

Bradfield Woods is a rare example of managed mixed-

species coppice (Peterken 1993) dominated by common ash

(Fraxinus excelsior), hazel (Corylus avellana), birch (Betula

spp.) and alder (Alnus glutinosa) which is typically cut on a

rotation of 20 to 25 years. In 2003, the year of the study, the

total area under active coppice management was 56.5 ha (to-

tal woodland area was 70.0 ha). The total number of manage-
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ment compartments was 53. The mean area of the compart-

ments was 1.07 ± 0.64 ha, and the range 0.20 – 3.70 ha. Of

the 53, two (1.38 and 2.47 ha) have been allowed to regener-

ate to mature woodland for about 50 years. Of the remaining

51 compartments, between one and three (and exceptionally

four in 1999) were coppiced each year from 1980 to 2003.

The mean area cut each year was 1.08 ± 0.51 ha, and the

range 0.20 – 3.00 ha, which was 1.07 ± 0.64% (range 0.20 –

3.70%) of the total area under coppice management. Scat-

tered standard trees (non-coppiced, mature trees) were pre-

sent in all compartments (Figure 1) and were predominantly

pedunculate oak (Quercus robur) and birch. The standards

tend to be widely spaced with large gaps between their cano-

pies. The relationship between compartment age, i.e., time

since cutting, and top canopy height for coppice regrowth is

shown in Figure 2. The total area covered by the bird census

(see below) in 2003 was 63.5 ha and comprised the active

coppice compartments plus some additional mature wood-

land.

Sheephouse Wood was predominantly hazel-peduncu-

late oak (Peterken 1993) with some areas dominated by com-

mon ash and field maple (Acer campestre). Much of the

wood had not been actively managed for several decades and

the canopy was largely closed. However, two clear-cuts were

made and maintained, one in 1983 (1.8 ha) and the other in

1988 (1.6 ha), and several group fells and ride scallops (each

< 0.2 ha) have also been cut, mainly in 1985. The area of the

wood was 59.4 ha of which 44.4 ha forms the bird census

area.

Woodland structural data

Woodland canopy height and the occurrence of gaps in

the canopy were measured using airborne LiDAR. This is an

active technique in which a scanning laser rangefinder is

used to measure the heights of points within a swath beneath

the flight path of an aircraft (Lefsky et al. 2002, Lim et al.

2003, Næsett 2004). The laser used in this study fires high

frequency short duration pulses of near infrared light (1064

nm) at the ground and a detector records the timing of the

return signals backscattered from the ground itself and/or any

surface features such as trees, hedges and buildings (Wehr

and Lohr 1999). From the timing of the returns, and on-board

measurement of the aircraft’s position and orientation (using

telemetry from an Inertial Navigation System combined with

differential GPS recordings), the 3D positions of the ranged

points can be calculated and geo-referenced (Ackermann

1999). These measurements can then be used to derive a digi-

tal model of the surface of the ground and of the surface of

the vegetation and hence a canopy height model (Popescu et

al. 2003).

LiDAR data for both woodland sites were acquired on 9
��

September 2003 using an ALTM 3033 (Optech Inc.). The

ALTM is a small footprint (< 25 cm on the ground), discrete

return system supplying the first and last significant return

per laser pulse. These data were acquired at an average flying

altitude of 1,100 m with a 33 kHz pulse repetition rate, a scan

angle of ± 12
�

and an average post spacing of one hit per 0.7

m
�
.
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Note that because of the distance between the two sites,

the two data acquisitions made use of different base stations

(both operated by the Ordnance Survey).

Processing of the LiDAR data involved a similar ap-

proach for Bradfield and Sheephouse Woods. Both the first

and last return data were interpolated into a Digital Surface

Model (DSM) by triangulation and subsequent gridding, ren-

dering a 0.5 m pixel size (i.e., 0.25 m
�
). The creation of a

Digital Terrain Model (DTM) at each site made use of the last

return data, which had a higher likelihood of ground hits

(Reutebuch et al., 2003). This involved a process of mini-

mum filtering, varying the size of the filter according to local

variance calculated over different spatial scales (Gaveau and

Hill 2003). For any given point, the size of the filter that

could be used to extract a minimum elevation was dictated

by the level of canopy closure and therefore the rate of laser

penetration to the ground surface (Petzold et al. 1999). This

varied both across and between each woodland site, hence

the need for an adaptive filtering approach. The extracted lo-

cal elevation minima were used to interpolate a complete ter-

rain surface (or first-pass DTM). This DTM was then com-

pared with the last return DSM and points within a 0.5 m

elevation threshold were added into the mask of local eleva-

tion minimum. This was then interpolated by triangulation

into a second-pass DTM. The process of minimum filtering,

analysis of local variance and comparison with the last return

DSM then continued iteratively on each generated DTM. At

each iteration, the filter sizes were reduced and additional

data were retained in the ground mask thereby achieving a

closer match between the DTM and the ground data present

in the last return DSM. The iterations completed when no ad-

ditional data were included in the ground mask within the

specified thresholds for local variance and surface differ-

ence.

Having produced a DTM for each site, a Digital Canopy

Height Model (DCHM) was produced by the per-pixel sub-

traction of the DTM from the first return DSM. At both

woodland sites, the DSMs, DTM and DCHM all had a pixel

size of 0.25 m
�

(i.e., 0.5 m × 0.5 m).

Bird census

The breeding birds of Bradfield and Sheephouse Woods

were censused in 2003 (as part of a longer-term study) using

a territory mapping technique (spot mapping) (Bibby et al.

1992). Bradfield Woods was censused eight times and

Sheephouse Wood six times from the beginning of April to

the beginning of June. All parts of the woods included in the

census were visited to within at least 50 m. The locations of

all birds [except woodpigeon (Columba palumbus), pheasant

(Phasianus colchicus), jackdaw (Corvus monedula) and car-

rion crow (Corvus corone)] encountered were recorded on

detailed maps with an accuracy of ± 10 m. Bird species with

20 or more registrations in either wood were included in the

analysis (20 being selected as a suitable sample size indica-

tive of breeding). This selected 23 species in both Bradfield

and Sheephouse, of which 22 were common to both woods.

In addition, nightingale (Luscinia megarhynchos) occurred

only in Bradfield Woods and nuthatch (Sitta europaea) only

in Sheephouse Wood, giving an overall total of 24 species.

However, some species were relatively scarce in one or the

other wood (Table 1).

Comparison of woodland structure

The canopy height and canopy gap characteristics of the

two woods were sampled using 15 m radius circles located at

the intersections of a 30 m grid laid across each wood, the

starting points of the grids being selected at random. A total

of 709 sample circles were located in Bradfield Woods and

660 in Sheephouse Wood. The occurrence of gaps in the can-

opy was defined as the percentage of each circle with a vege-

tation height of < 1 m. Canopy gap was then converted to

canopy cover as: (100 – canopy gap)%. The mean height for

each circle was calculated excluding those portions where the

vegetation height was < 1 m. Therefore, these two measures

of woodland structure were independent of each other. For

circles at the edges of the woods, those with their centres out-

side the boundary were excluded. Circles with their centres

inside the boundary were included and the portions falling

outside the boundary, as well as inside, were included in the

calculations of percentage gap and mean height as defined

above. Woodland edge is an important bird habitat; this pro-

tocol allowed it to be sampled and also treated internal and

external edges equally.

Bird-habitat analysis

Bird habitat associations were assessed for each of the 24

species by measuring (as above) the percentage of gap, con-

verted to canopy cover, and the mean height within 15 m ra-

dius circles centred on each bird registration. Sections of cir-

cles falling outside the woodland boundary were included in

the calculations for the same reasons as described above for

woodland structure. The average canopy height associated

with each species was then summarised as a mean value for

each species for each wood. The average canopy cover was

also summarised for each species for each wood. For Brad-

field Woods, overall mean heights were also calculated for

each species excluding the contribution, if any, of the stand-

ard trees (defined as canopy heights > 13 m) to the calcula-

tions of the mean heights of the individual registration sam-

ple circles. This was to investigate a previous finding that

most bird species within coppiced woodland distributed

themselves according to characteristics of the predominant

coppice regrowth rather than of the standard trees (Fuller and

Henderson 1992). For Sheephouse Wood, to examine bird

responses to mature woodland structure alone, overall mean

heights and percentage canopy cover were also calculated for

each species excluding any bird registrations in the two clear-

cuts.

Individual bird registrations, rather than estimates of ter-

ritory locations, were used to sample bird habitat associations

because this entailed the minimum of assumptions about

habitat use by species. It also allowed a high level of spatial
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precision in the matching of bird locations with canopy char-

acteristics. Although many of the same territorial birds would

have been recorded on some or even most visits, their loca-

tions on each visit were unambiguous samples of the breed-

ing habitat used by that species. The analyses were repeated

using 30 m radius sample circles, but this made little differ-

ence to the results and they are not presented here.

Results

Woodland structure

The difference in the height distributions of the top cano-

pies of the two woods is clearly shown in Figure 3. For Brad-

field Woods, 60% of the 709 15 m radius sample circles had

a mean height in the range of 7.1 to 11 m whereas in

Sheephouse Wood, 64% of 660 samples had a mean height

range of 13.1 to 17 m. This difference in the height distribu-

tions was to be expected given the management histories of

the two woods. The secondary peak in the height distribution

in Sheephouse Wood at 2.1 to 3.0 m was due to the two clear-

felled areas. The overall difference in mean heights between

the two woods was 3.96 m (Bradfield = 9.33 ± (sd) 2.65 m,

n = 709; Sheephouse = 13.29 ± (sd) 3.51 m, n = 660; differ-

ence = 3.96 m, se���� = 0.17, t = -23.4, p < 0.001).

In contrast to canopy height, the distribution of canopy

cover was broadly similar between the two woods (Fig. 4),

with Sheephouse having a slightly greater frequency of

maximal (> 95%) or complete cover. There was almost no

overall difference in mean canopy cover between the two

woods (Bradfield = 87.2 ± (sd) 16.4%, n = 709; Sheephouse

= 87.4 ± (sd) 18.0%, n = 660). This suggested that the occur-

rence of gaps in both woods was influenced more by the pres-

ence of edges, i.e., internal rides and the external edge, rather

than by effects of the contrasting management practices. The

minimum canopy cover values of c. 50% in both woods were

due to sample circles at the edges of the woods. However, the

relationships between canopy cover and mean height for

each wood did show a substantial management effect. In

Sheephouse Wood, canopy cover increased with increasing

height as might be expected due to tree maturation and can-

opy closure (Fig. 5). In contrast, in Bradfield Woods, height

had much less influence on canopy cover (Fig. 5), the more

frequent occurrence of large values of canopy cover at rela-

tively low heights probably being due to dense coppice re-

growth coupled with our definition of gap as vegetation

height of < 1 m. Furthermore, in the most recently cut com-

partments where low values of canopy cover would be ex-

pected to be associated with low coppice heights, mean

heights were increased by the presence of the standards.

These differences in structure, and the effects of the stand-

ards, are examined in more detail below in the bird species

relationships between canopy height and cover.

Bird species associations with height

The mean heights associated with species locations in the

two woods are shown in Figure 6. Despite the large differ-

ences in the structure of the two woods, the order of the spe-

cies across the gradient of increasing height was similar (rank
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correlation of height order, r = 0.77, p < 0.001). As expected,

species associated with low cover had the lowest mean

heights and those associated with mature trees the highest.

With the exclusion of willow warbler (see below), the overall

mean difference in mean heights for the 21 species common

to both woods was 3.34 ± 1.26 m, which was similar to the

overall mean height difference between the two woods of

3.96 m.

In general, the species occupied habitat with the same

relative height characteristics in both woods, but with a shift

in absolute height in accordance with the taller structure of

Sheephouse. However, the differences between the two

woods in the species mean heights did vary between species

(Fig. 7). Overall, species associated with relatively dense

cover of low or medium height showed the smallest differ-

ences in mean heights whereas those more strongly associ-

ated with trees showed the largest differences.

Effects of the clear-cuts in Sheephouse Wood

Three species in Sheephouse Wood, dunnock, garden

warbler and especially willow warbler, showed a relatively

large association with low canopy height (Fig. 6) due to their

presence in the two clear-cut areas. Willow warblers only oc-
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curred in the clear-cuts and 44% and 14% of registrations for

garden warblers and dunnocks respectively also occurred in

this habitat for which there was no direct equivalent in Brad-

field. Recently cut coppice compartments in Bradfield are the

closest structural equivalent to the clear-cuts in terms of

height, but they lack low cover and hence have few associ-

ated birds (Fuller and Henderson 1992). Rapid coppice

growth provides cover and attracts willow warblers, garden

warblers and dunnocks, but the growth increases the mean

height and hence generated the different pattern for these

species in the two woods. In Sheephouse, removing registra-

tions in the clear-cuts from the calculations of mean heights

increased the mean for garden warbler by 3.45 m (45%) and

for dunnock by 0.91 m (10%), but had little effect on any

other species (Table 1).

Removing the influence of the clear-cuts in Sheephouse

Wood from the calculation of percentage canopy cover had

most influence on willow warbler because it only occurred in

the clear-cuts, and on garden warbler (percentage canopy

cover increased from 76.0 to 86.2%) and dunnock (increased

from 77.1 to 80.7%). There was little or no change for any

other species (Table 1).

Effects of the standards in Bradfield Woods

When excluding the standards, species mean heights in

Bradfield Woods decreased by 13.4 ± 4.0%, range 7.4 –

27.2%, n = 23 (Table 1). The smallest decreases were for

nightingale (-0.54 m, 7.7%), stock dove (-0.66 m, 7.4%) and

goldcrest (-0.69 m, 7.7%), and the largest decreases for green

woodpecker (-3.08 m, 27.2%) and treecreeper (-2.0 m,

17.6%). In general, and as expected, excluding the standards

had least effect on species associated with low or dense cover

and most effect on those associated with mature trees. The

relatively large effect on green woodpecker is detailed in the

discussion. An additional effect of the standards in relation

to height and canopy cover is also discussed below (see Bird

species canopy height/canopy cover relationships)

Bird species associations with canopy cover

The mean percentage canopy cover associated with spe-

cies locations in the two woods are shown in Figure 8 (rank

correlation of canopy cover order, r = 0.61, p = 0.003). The

order of the distribution of the species across the gradient of

increasing percentage cover, i.e., less gap, indicated a nega-

tive association between the use of low cover by a species

and the amount of canopy cover; species typical of low cover

were associated with the smallest amounts of canopy cover.

This trend was less well marked in Bradfield Woods where

both willow warbler and nightingale had higher canopy

cover values than might have been expected from their selec-

tion of relatively low canopy heights. The three species most

strongly associated with the clear-cuts in Sheephouse (wil-

low warbler, garden warbler and dunnock) showed the larg-

est differences in canopy cover between the two woods.

There were also clear differences for chiffchaff, blackcap and

bullfinch (Fig. 9). This was probably because the complex

understorey structures that these latter species generally re-

quire were available in Bradfield within the coppice com-

partments up to and just beyond canopy closure (Fuller and

Henderson 1992). In contrast, such structures in Sheephouse

������ �� <
�� �
����� 0= �.1 ��������
� ���� ��
��
� ���������

�� ������
�� ��� ��

����
 ����� �� +##,� ��
 ��
��
� ��


������
� �� ���
� �� ����
����� �
�� �
����8 ��

����
 �����

��
� �����
�! ������
�� ������ ����
� �����
�� 6���������
 ���

��� ���� �� ��

����
� ��� ������� ��� ��� ���� �� �����

��
���

������ �� ;���
�
��
� �� ��
��
� �
�� �
����� �
��

� �����

��
�� ����� ��� ��

����
 ���� 0�������
� �� ��

����
 �

������
��1 ��� ��
 ��
��
� ������ �� ���� ������ ��
 �
����

��� ������ �����
� ��
 �����
��

Bird distribution and canopy structure 105



were largely confined to the clear-cuts and the edges of rides

and group-fells and hence associated with gaps in the canopy

and relatively low percentage canopy cover.

Considering the differences between the two woods in

the species mean heights (Fig. 7) and mean canopy covers

(Fig. 9), the order of the species was similar (rank correlation

of species order, r = 0.72, p < 0.001). However, whereas the

largest differences in mean heights were found for species

associated with mature trees (Fig. 7), the largest differences

in canopy cover were for species associated with dense, low

cover (Fig. 9).

Bird species canopy height/canopy cover relationships

In terms of both physical structure and bird species asso-

ciations with canopy characteristics, an increase in canopy

cover with tree height (i.e., with maturation and canopy clo-

sure) would be expected. In Sheephouse Wood, an increase

in species canopy cover with height was indeed strongly rep-

resented (species mean canopy cover = 54.1 + 2.99 species

mean hgt, R
�

= 0.95, p < 0.001, n = 23) because the structure

of the wood was dominated by mature, closed canopy. The

effect remained strong even when the influence of willow

warbler (low canopy cover, low canopy height) on the rela-

tionship was removed by excluding the clear-cuts (Fig. 10a;

species mean canopy cover = 49.1 + 3.36 species mean hgt,

R
�

= 0.91, p < 0.001, n = 22). The strength of this relationship

suggested that, in closed canopy woodland, tree canopy

height can act as an effective determinant of avian species

assemblage. In Bradfield Woods, although species canopy

cover tended to increase with increasing mean heights, the

relationship was not significant (species mean canopy cover

= 88.7 + 0.594 species mean height, R
�

= 0.07, p = 0.217, n

= 23) presumably due to the more complex spatial structure

of the wood. For example, low, but dense, coppice regrowth

acting to increase canopy cover and tall, but well spaced,

standard trees contributing to height, but not to canopy clo-

sure (see Figs. 3, 4 and 5). However, after removing the in-

fluence of the standard trees from the calculations of species

mean heights, the relationship became significant (species

mean canopy cover = 83.3 + 1.38 species mean hgt, R
�

=

0.21, p = 0.028, n = 23, Fig. 10b). This indicated that the can-

opy height of the coppiced structures beneath the standards

did influence bird species assemblage. Furthermore, on re-

moval of the four species known to be heavily influenced by

cover at low heights, i.e., willow warbler, garden warbler,

dunnock, and nightingale, the relationship for the remaining

species was stronger again (species mean canopy cover =

77.0 + 2.15 species mean hgt, R
�

= 0.37, p = 0.006, n = 19)

and more closely resembled that found for Sheephouse

Wood.

Discussion

Despite the large physical differences between the two

woods, the distributions of bird species in relation to two

simple measures of structure - canopy height and canopy

cover - were similar in both woods. Tree height in particular

appeared to be able to function as a general indicator of

woodland bird species composition, at least in lowland Brit-
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ish woodland. We are not aware that this has been demon-

strated so clearly before.

The order of species across the height gradients in the

two woods was most similar at the two extremes, i.e., the spe-

cies most closely associated with early successional growth

with the lowest mean heights, and those closely associated

with mature trees with the highest. Removing the influence

of the standards in Bradfield on the species mean heights did

not change this general pattern. If anything, it concentrated

species associated with trees, notably the tits, at the upper end

of the height gradient as might be expected in Bradfield with

its more limited availability of mature trees. Removing the

standards from the data had most effect on the results for

green woodpecker (Table 1), probably because this species

frequently feeds on the ground in the open and thus might be

expected to use the younger coppice compartments where the

difference in height between the standards and the coppice

canopy was large.

The plots of species in graphical space defined by mean

canopy cover and mean height (Fig. 10) produced an order

of species which again progressed from those associated with

dense, low cover (e.g., garden warbler, dunnock) through to

those associated with shrubby understorey cover (e.g., black-

cap, bullfinch, long-tailed tit) to those associated with mature

trees (e.g., treecreeper, coal tit, nuthatch). Although the rela-

tionship was evident in both woods (after removing the ef-

fects of standard trees in Bradfield) it was strongest in

Sheephouse. This difference probably was a consequence of

the contrasting structures of the two woods; there was a much

tighter relationship between the height and cover of the can-

opy in Sheephouse (Fig. 5). The higher proportion of internal

edges in Bradfield Woods, e.g., between coppice compart-

ments of different ages/heights, was also likely to have in-

creased the variation in the calculated mean heights and val-

ues of canopy cover per 15 m radius sample circle.

Nonetheless, this finding suggests that the habitat distribu-

tion of species can be effectively delineated in terms of a

small number of structural metrics. Habitat quality may ulti-

mately depend on the presence of key micro-features provid-

ing nest sites, shelter or feeding resources, but potential habi-

tat may be identified using simple measures of canopy

structure.

The ability of tree canopy height to act as an indicator of

bird species composition is probably a consequence, at least

in part, of the relationship between tree height and a complex

of variables that change with forest maturity. These include

canopy openness, crown density and understorey density.

Hinsley et al. (2002) found that remote-sensed (LiDAR) tree

height was positively correlated with field-based estimates of

tree canopy density (canopy density index = -0.826 + 2.54

log��canopy height, R
�

= 0.86, p < 0.001, n = 36), which

again probably reflected increasing crown volume with age.

Sub-canopy foliage structure depends on canopy closure as

well as canopy height. As shown here, remote-sensing can

quantify canopy cover. We defined gaps as heights below 1

m, but definitions can be user-defined to suit particular cir-

cumstances. For example, in Bradfield, defining gaps as

heights below 2 m would have reduced the percentage of can-

opy cover at low mean heights and probably increased the

similarity of species responses in the two woods. Decisions

how to define gaps could be based on canopy height distri-

butions.

Although the distribution of bird species across the

height gradients was similar in both woods, the absolute dif-

ferences in species mean heights was greatest for species as-

sociated with mature woodland (Fig. 7). In part, this was a

consequence of the overall height of Sheephouse Wood be-

ing greater than that of Bradfield Woods (Fig. 3). However,

it also implied that bird species associated with mature trees

were less sensitive to variation in tree structure over and

above some threshold stage of tree development or woodland

maturity. That the absolute differences in species mean can-
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opy cover (Fig. 9) were least for species associated with ma-

ture trees was consistent with the notion that beyond a certain

growth threshold, relatively small changes occur in structure.

In contrast, the distribution of species associated with young

growth was more tightly keyed into one part of the height

gradient. These species also showed the greatest differences

in mean canopy cover between the two woods, probably in

part due to the greater availability of low, bushy cover in

Bradfield (Fig. 5), but also because structure changed more

rapidly with increasing height in the earlier stages of growth.

Temporal availability of niche space of early successional

species, therefore appears to be less than for late successional

species. This is consistent with the observation that rates of

species turnover are generally highest in early succession

(Helle and Mönkkönen 1990) and with previous observa-

tions of the distribution of birds in relation to coppice dynam-

ics (Fuller et al. 1989, Fuller and Henderson 1992).

Thus, small differences in height within early succes-

sional habitats are associated with relatively large changes in

habitat structure. Understorey complexity changes rapidly

with relatively small increases in canopy height, whereas

once the canopy closes and the understorey is shaded out or

stabilises, there can be quite large changes in canopy height

with little change in foliage diversity profile. This is illus-

trated well by the growth dynamics of coppice woodland for

the first 30 years of growth as described by Fuller and Hen-

derson (1992). Tree height and stem diameter show an al-

most linear growth pattern throughout this period, but low

foliage density peaks at about 3 years and declines rapidly

thereafter as the canopy becomes fully closed by about 6

years. Extremely low foliage density would persist for many

decades in the absence of further management such as felling

or thinning. Thus habitat complexity does not change linearly

with increasing canopy height. The consequence for bird as-

semblages is that species requiring complex understorey

structures are frequently restricted to a shorter phase of habi-

tat development than are those associated with more mature

woodland.

The relatively transient nature of early successional

vegetation structures and their bird assemblages should be a

general feature of forest habitats, not just the English lowland

deciduous woods of our study. For example, in a study of

forest birds at the Hubbard Brook Experimental Forest in

New Hampshire, USA, most of a reported decline in bird

abundance in a long-term census plot was due to habitat

maturation decreasing numbers of three species of Neotropi-

cal migrants favouring early to mid successional stages (Hol-

mes and Sherry 2001, Holmes 2007). In Britain, early suc-

cessional species may also be under pressure as a

consequence of reduced habitat availability (Fuller et al.

2007). In 1947, 49% of British broadleaved woodland was

classed as scrub or coppice and only 51% as high forest

(Hopkins and Kirby 2007, Mason 2007). However, in recent

decades, woodland management has declined, woods have

matured and by 2003, 97% of woodland was classed as high

forest. Population trends of UK woodland birds are complex,

with some species increasing and others decreasing, and a

range of factors, in addition to structural changes associated

with woodland maturation, appear to be involved (Fuller et

al. 2005, Hewson et al. 2007). However, in recent years, re-

ductions in the population sizes of birds associated with

young growth, including several species of long-distance mi-

grants, have become of conservation concern (Amar et al.

2006). Two of the three species most closely associated with

low growth in both Bradfield and Sheephouse Woods - wil-

low warbler and garden warbler - have shown strong national

declines in the UK since the 1980s (Hewson et al. 2007).

Conclusions

In the UK and elsewhere, much deciduous woodland

now occurs in relatively small patches. This makes manage-

ment to maintain early successional habitat more difficult be-

cause many woods are too small to contain effective amounts

of a range of age classes. Recreating coppice management

without commercial incentive will be expensive, but the cur-

rent interest in wood fuels as a carbon-neutral energy source

has potential to revitalise woodland management (Fuller et

al. 2007). Selective thinning and small group-fells may help

to open up closed canopy woodland, encouraging succes-

sional growth without overall loss of woodland and land-

scape character or of the bird communities of mature wood-

land. Airborne LiDAR, using canopy height as a surrogate

for woodland maturation, could provide a means of monitor-

ing the distribution and abundance of different woodland age

classes at a landscape-scale, facilitating regional manage-

ment strategies. This would be especially valuable in assess-

ing the extent of ephemeral scrub and young-growth wood-

land habitats which are particularly important for a suite of

declining long-distance migrant birds. This type of approach

is likely to be most effective in regions such as western

Europe where woodland bird species tend not to show close

associations with plant communities and are primarily dis-

tributed according to preferred vegetation structures (e.g.,

Helle and Mönkkönen 1990, Moskát and Fuisz 1994, Fuller

and Green 1998).

We must also emphasize the importance of landscape

context. Early successional habitats are critically important

for biodiversity in cultural landscapes such as those of west-

ern Europe. Active management through grazing, cutting or

burning vegetation is necessary to maintain these structures

and their associated biological communities. However, these

circumstances apply to landscapes with a long history of sus-

tained human modification. The situation is very different in

more pristine landscapes and old-growth forests where the

bird species most at risk from intervention are those associ-

ated with old growth (Weso³owski 2005). Modification of

such habitats may initially increase diversity, but the species

which increase or invade are often generalists and edge spe-

cies of lesser conservation value (Lovejoy et al. 1984, Saun-

ders et al. 1991).

Acknowledgements: We thank Sir E. Verney for permission

to work in Sheephouse Wood and the Suffolk Wildlife Trust

for permission to work in Bradfield Woods. Thanks also to

108 Hinsley et al.



N. Read for preparation of territory mapping data, A. Ferre-

ruela for digitising bird registrations, and two referees and

editorial staff for helpful comments and information. The Li-

DAR data for both woods were supplied by the NERC Air-

borne Research and Survey Facility in conjunction with the

Unit for Landscape Modelling at the University of Cam-

bridge.

References

Ackermann, F. 1999. Airborne laser scanning – present status and
future expectations. ISPRS J. Photogramm. Remote Sens. 54:64-
67.

Amar, A., C.M. Hewson, R.M. Thewlis, K.W. Smith, R.J. Fuller,
J.A. Lindsell, G. Conway, S. Butler and M. MacDonald. 2006.
What’s happening to our woodland birds? Long-term changes in
the populations of woodland birds. BTO Research Report 169
and RSPB Research Report 19. BTO and RSPB.

Annand, E.M. and F.R.Thompson. 1997. Forest bird response to re-
generation practices in central hardwood forests. J. Wildl. Man-
age. 61:159-171.

Bibby, C.J., N.D. Burgess and D.A. Hill. 1992. Bird Census Tech-
niques. Academic Press, London.

Bradbury, R.B., R.A. Hill, D.C.. Mason, S.A. Hinsley, J.D. Wilson,
H. Balzter, G.Q.A. Anderson, M.J. Whittingham, I.J. Davenport
and P.E. Bellamy. 2005. Modelling relationships between birds
and vegetation structure using airborne LiDAR data: a review
with case studies from agricultural and woodland environments.
Ibis 147:443-452.

Broughton, R.K., S.A. Hinsley, P.E. Bellamy, R.A. Hill and P.
Rothery. 2006. Marsh Tit territory structure in a British
broadleaved woodland. Ibis 148:744-752.

Canterbury, G.E., T.E. Martin, D.R. Petit, L.J. Petit and D.F. Brad-
ford. 2000. Bird communities and habitat as ecological indica-
tors of forest condition in regional monitoring. Conserv. Biol.
14:544-558.

Dellasala, D.A., J.C. Hagar, K.A. Engel, W.C. McComb, R.L. Fair-
banks and E.G., Campbell. 1996. Effects of silvicultural modi-
fications of temperate rainforest on breeding and wintering bird
communities, Prince of Wales Island, southeast Alaska. Condor
98:706-721.

Donald, P.F., R.J. Fuller, A.D. Evans, and S.J. Gough. 1998. Effects
of forest management and grazing on breeding bird communi-
ties in plantations of broadleaved and coniferous trees in western
England. Biol. Conserv. 85:183-197.

Easton, W.E. and K. Martin. 1998. The effect of vegetation manage-
ment on breeding bird communities in British Columbia. Ecol.
Appl. 8:1092-1103.

Fuller, R.J. 2000. Influence of treefall gaps on distributions of breed-
ing birds within interior old-growth stands in Bialowieza Forest,
Poland. Condor 102:267-274.

Fuller, R.J. 2001. Responses of woodland birds to increasing num-
bers of deer: a review of evidence and mechanisms. Forestry
74:289-298.

Fuller, R.J. and A.C.B. Henderson. 1992. Distribution of breeding
songbirds in Bradfield Woods, Suffolk, in relation to vegetation
and coppice management. Bird Study 39:73-88.

Fuller, R.J. and G.H. Green. 1998. Effects of woodland structure on
breeding bird populations in stands of coppiced lime (Tilia cor-
data) in western England over a 10-year period. Forestry
71:199-218.

Fuller, R.J., P. Stuttard and C.M. Ray. 1989. The distribution of
breeding songbirds within mixed coppiced woodland in Kent,
England, in relation to vegetation age and structure. Ann. Zool.
Fenn. 26:265-275.

Fuller, R.J., D.G. Noble, K.W. Smith and D. Vanhinsbergh. 2005.
Recent declines in populations of woodland birds in Britain: a
review of possible causes. Brit. Birds 98:116-143.

Fuller, R.J., K.W. Smith, P.V. Grice, F.A. Currie and C.P. Quine.
2007. Habitat change and woodland birds in Britain: implica-
tions for management and future research. Ibis 149 suppl. 2:261-
268.

Gaveau, D.L.A. and R.A. Hill. 2003. Quantifying canopy height un-
derestimation by laser pulse penetration in small-footprint air-
borne laser scanning data. Can. J. Remote Sens. 29:650-657.

Germaine, S.S., S.H. Vessey and D.E. Capen. 1997. Effects of small
forest openings on the breeding bird community in a Vermont
hardwood forest. Condor 99:708-718.

Goetz, S., D. Steinberg, R. Dubayah and B. Blair. 2007. Laser remote
sensing of canopy habitat heterogeneity as a predictor of bird
species richness in an eastern temperate forest, USA. Remote
Sens. Environ. 108:254-263.

Gram, W.K., P.A. Porneluzi, R.L. Clawson, J. Faaborg and S.C.
Richter. 2003. Effects of experimental forest management on
density and nesting success of bird species in Missouri Ozark
Forests. Conserv. Biol. 17:1324-1337.

Hayes, J.P., J.M. Weikel and M.P. Huso. 2003. Response of birds to
thinning young Douglas-fir forests. Ecol. Appl.13:1222-1232.

Helle, P. 1985. Effects of forest regeneration on the structure of bird
communities in northern Finland. Holarct. Ecol. 8:120-132.

Helle, P. and R.J. Fuller. 1988. Migrant passerine birds in European
forest successions in relation to vegetation height and geo-
graphical position. J. Anim. Ecol. 57:565-579.

Helle, P. and M. Mönkkönen. 1990. Forest successions and bird
communities: theoretical aspects and practical implications. In:
A. Keast (ed), Biogeography and Ecology of Forest Bird Com-
munities. SPB Academic Publishing, The Hague, pp. 299-318.

Hewson, C.M., A. Amar, J.A. Lindsell, R.M. Thewlis, S. Butler, K.
Smith, and R.J. Fuller. 2007. Recent changes in bird populations
in British broadleaved woodland. Ibis 149, suppl. 2:14-28.

Hill, R.A., S.A. Hinsley, D.L.A. Gaveau and P.E. Bellamy. 2004.
Predicting habitat quality for Great Tits (Parus major) with air-
borne laser scanning data. Int. J. Remote Sens. 25:4851-4855.

Hinsley, S.A., R.A. Hill, D.L.A. Gaveau and P.E. Bellamy. 2002.
Quantifying woodland structure and habitat quality for birds us-
ing airborne laser scanning. Funct. Ecol. 16:851-857.

Hinsley, S.A., R.A. Hill, P.E. Bellamy and H. Balzter. 2006. The
application of LiDAR in woodland bird ecology: climate, can-
opy structure and habitat quality. Photogramm. Engineer. Re-
mote Sens. 72:1399-1406.

Hinsley, S.A., J.E. Carpenter, R.K. Broughton, P.E. Bellamy, P.
Rothery, A. Amar, C.M. Hewson and A.G. Gosler. 2007. Habi-
tat selection by Marsh Tits Poecile palustris in the UK. Ibis 149
suppl. 2:224-233.

Holmes, R.T. 2007. Understanding population change in migratory
songbirds: long-term and experimental studies of Neotropical
migrants in breeding and wintering areas. Ibis 149, suppl. 2:2-
13.

Holmes, R.T. and T.W. Sherry. 2001. Thirty-year bird population
trends in an unfragmented temperate deciduous forest: impor-
tance of habitat change. Auk 118:589-610.

Bird distribution and canopy structure 109



Hopkins, J.J. and K.J. Kirby. 2007. Ecological change in British
broadleaved woodland since 1947. Ibis 149, suppl. 2:29-40.

James, F.C. and N.O. Wamer. 1982. Relationships between temper-
ate forest bird communities and vegetation structure. Ecology
63:159-171.

Karr, J. R. and R.R. Roth. 1971. Vegetation structure and avian di-
versity in several New World areas. Am. Nat. 105:423-435.

�����, M. and P. Adamík. 2007. Foraging guild structure within a
primaeval mixed forest bird assemblage: a comparison of two
concepts. Community Ecol. 8:133-149.

Lefsky, M.A., W.B. Cohen, G.G. Parker and D.J. Harding. 2002.
Lidar remote sensing for ecosystem studies. BioSci. 52:19-30.

Lim, K., P. Treitz, M. Wulder, B. Stonge and M. Flood. 2003. Li-
DAR remote sensing of forest structure. Prog. Phys. Geog.
27:88-106.

Lovejoy, T.E., J.M. Rankin, R.O. Bierregaard, jr., K.S. Brown, jr.,
L.H. Emmons and M.E. van der Voort. 1984. Ecosystem decay
of Amazon forest remnants. In: M.H. Nitecki (ed.), Extinctions.
University of Chicago Press, Chicago and London, pp. 295-325.

Mason, W.L. 2007. Changes in the management of British forests
between 1945 and 2000 and possible future trends. Ibis 149,
suppl. 2:41-52.

McShea, W.J. and J.H. Rappole. 2000. Managing the abundance and
diversity of breeding bird populations through manipulation of
deer populations. Conserv. Biol. 14:1161-1170.

Mills, G.S., J.B. Dunning and J.M. Bates. 1991. The relationship
between breeding bird density and vegetation volume. Wilson
Bull. 103:468-479.

Moorman, C. E. and D.C. Guynn. 2001. Effects of group-selection
opening size on breeding bird habitat use in a bottomland forest.
Ecol. Appl. 11:1680-1691.

Moskát, C. and T. Fuisz. 1994. Forest management and bird commu-
nities in the beech and oak forests of the Hungarian Mountains.
In: E.J.M. Hagemeijer and T.J. Verstrael (eds), Bird Numbers
1992. Distribution, Monitoring and Ecological Aspects. Pro-
ceedings of the 12th International Conference of IBCC and
EOAC, Noordwijkerhout, The Netherlands. Statistics Nether-
lands, Voorburg/Heerlen & SOVON, Beek-Ubbergen, pp. 29-
38.

Moskát, C. and T. Fuisz. 1995. Conservational aspects of bird-vege-
tation relationships in riparian forests along the river Danube: a
multivariate study. Acta Zool. Acad. Sci. Hung. 41:151-164.

Næsett, E. 2004. Practical large-scale forest stand inventory using
small-footprint airborne scanning laser. Scand. J. Forest Res.
19:164-179.

Peterken, G.F. 1993. Woodland Conservation and Management (2nd

edition). Chapman and Hall, London.

Petzold, B., P. Reiss and W. Stössel. 1999. Laser scanning – survey-
ing and mapping agencies are using a new technique for the deri-
vation of digital terrain models. ISPRS J. Photogramm. Remote
Sens. 54:95-104.

Popescu, S.C., R.H. Wynne and R.F. Nelson. 2003. Measuring indi-
vidual tree crown diameter with lidar and assessing its influence
on estimating forest volume and biomass. Can. J. Remote Sens.
29:564-577.

Quine, C.P., R.J. Fuller, K.W. Smith and P.V. Grice. 2007. Stand
management: a threat or opportunity for birds in British wood-
land? Ibis 149, suppl. 2:161-174.

Reutebuch, S.E., R.J. McGaughey, H.E. Anderson and W.W. Car-
son. 2003. Accuracy of a high-resolution lidar terrain model un-
der a conifer forest canopy. Can. J. Remote Sens. 29:527-535.

Rice, J., B.W. Anderson and R.D. Ohmart. 1984. Comparison of the
importance of different habitat attributes to avian community
organization. J. Wildl. Manage. 48:895-911.

Robinson, W. D. and S.K. Robinson. 1999. Effects of selective log-
ging on forest bird populations in a fragmented landscape. Con-
serv. Biol. 13:58-66.

Saunders, D.A., R.J. Hobbs and C.R. Margules. 1991. Biological
consequences of ecosystem fragmentation: a review. Conserv.
Biol. 5:18-32.

Verner, J. and T.A. Larson. 1989. Richness of breeding bird species
in mixed-conifer forests of the Sierra-Nevada, California. Auk
106:447-463.

Vierling, K.T., L.A. Vierling, W.A. Gould, S. Martinuzzi and R.M.
Clawges. 2008. Lidar: shedding new light on habitat charac-
terization and modeling. Front. Ecol. Environ. 6:90-98.

Wehr, A. and U. Lohr. 1999. Airborne laser scanning – an introduc-
tion and overview. ISPRS J. Photogramm. Remote Sens. 54:68-
82.

���������i, T. 2005. Virtual conservation: how the European Un-
ion is turning a blind eye on its vanishing primeval forests. Con-
serv. Biol. 19:1349-1358.

Willson, M. F. 1974. Avian community organization and habitat
structure. Ecology 55:1017-1029.

Willson, M. F. and T.A. Comet. 1996. Bird communities of northern
forests: ecological correlates of diversity and abundance in the
understory. Condor 98: 350-362.

�������� ����  	 
��!
������� "�#�$� �%	 
��!
&���'#�� (�� �!	 
���

110 Hinsley et al.


