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Review
Glossary

Canopy cover: the extent of the canopy in 2D (x and y) horizontal space.

Canopy height: the vertical (z dimension) height of the canopy above the

ground.

Canopy structural complexity: the amount of detail and number of compo-

nents present in the canopy layer. Greater structural complexity is charac-

terised by more branches and greater connectedness of tree canopies.

Canopy structural variability: variation in the vegetation canopy layer,

encompassing vertical (canopy height and vertical distribution) and horizontal

(canopy cover and extent) variation.

Canopy vertical distribution: the vertical spread of canopy components and

tissues (e.g., tree branches and leaves).

Horizontal structure: structure in the x and y dimensions, including canopy

cover and vegetation extent.
The advent and recent advances of Light Detection and
Ranging (LiDAR) have enabled accurate measurement of
3D ecosystem structure. Here, we review insights gained
through the application of LiDAR to animal ecology
studies, revealing the fundamental importance of struc-
ture for animals. Structural heterogeneity is most con-
ducive to increased animal richness and abundance, and
increased complexity of vertical vegetation structure is
more positively influential compared with traditionally
measured canopy cover, which produces mixed results.
However, different taxonomic groups interact with a
variety of 3D canopy traits and some groups with 3D
topography. To develop a better understanding of ani-
mal dynamics, future studies will benefit from consider-
ing 3D habitat effects in a wider variety of ecosystems
and with more taxa.

3D ecology: the importance of structure
The 3D structure (see Glossary) of ecosystems has long
been understood to have profound effects on animal com-
munities. As early as 1935, the vertical structure of vege-
tation was recognised as an important factor for bird
assemblages [1], with the first attempts to quantify this
relation made in 1961 [2]. This early work demonstrated
that, in deciduous forests, bird diversity was determined
solely by vegetation structure, with plant species diversity
only important when it influenced this structure. Although
there has been subsequent debate on the relative impor-
tance of vegetation physiognomy compared with floristic
composition and other factors (e.g., prey abundance) for
animal distributions and diversity, especially for birds
[3–10], it is clear that the 3D structure of ecosystems
influences many aspects of animal ecology, ranging from
species distributions and abundance [11–14] to behaviour
[15] and patterns of predation risk [16,17]. Indeed, several
studies have shown it to be the principal driver of animal
diversity across different taxa (see [2,3] for birds and [14]
for primates).

All animals live in a physical habitat with a 3D structure.
Vegetation 3D structure is thought to influence animals
through several processes (Box 1), including the availability
of niches for species coexistence [11,18,19], alteration of
microclimate [20,21], and providing concealment from
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predators [22,23]. In turn, animals also influence vegetation
structure through mechanisms such as consumption [24–
26] and seed dispersal [27–29]. Important feedback loops are
also likely to occur because the structure of the vegetation
influences the behaviour of animal populations and commu-
nities, which subsequently affects plant distribution and
structure [6,30]. The dynamics of ecosystem structure are
not limited to biotic components and interactions; abiotic
factors such as landscape topography are also of conse-
quence, affecting animal dynamics by altering hydrological
patterns [31,32], habitat accessibility, temperature, and
other microclimatic factors (Box 1) [33].

Thus, understanding ecosystem 3D structure and its
biotic effects is fundamental to advancing ecological theory
and understanding. However, until recently, data on 3D
structure were difficult and labour intensive to collect,
especially over large spatial scales. Habitat models relied
on field data of limited spatial extent or passive remote
sensing techniques (such as aerial photographs and satel-
lite images) that are unable to penetrate past the upper-
most portion of the canopy and characterise the vertical
distribution of vegetation canopies and tissues [34]. Recent
advances in remote sensing technology, particularly Li-
DAR (Box 2), successfully addressed these difficulties,
enabling accurate measurement of the 3D structure of
ecosystems across spatial scales from tree branches to
entire landscapes [34,35]. Much scientific effort has gone
into validating the accuracy of LiDAR measurements and
exploring possibilities for their application in ecology
Light detection and ranging (LiDAR): an active remote sensing technology that

emits and receives its own near-infrared light to measure 3D structure (Box 2).

Structure: the physical arrangement of individual components into a complex

whole. In relation to 3D ecosystem structure, it refers to the physical

arrangement of vegetation and ground elements.

Understory vegetation: any vegetation layer that is beneath the uppermost

canopy.
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Box 1. Direct and indirect interactions between animals and

3D ecosystem structure

The 3D properties of vegetation and/or terrain create the habitat

setting for all animals. At broad spatial and temporal scales, climate,

soils, and disturbance regimes are key to determining vegetation

structure at the biome scale (e.g., forest, savanna, or grassland).

Within any given biome, vegetation structure modifies local-to-

landscape abiotic conditions that contribute to variation in micro-

habitats, with direct and indirect effects on animals. Animals interact

directly with vegetation structure, such as primates climbing trees

and occupying the upper layers of the canopy as habitat [13];

however, vegetation structural effects are often indirect, being

important in the way that they alter habitat conditions, such as the

amount of light reaching the ground or lower vegetation layers,

local temperature, and the relative humidity of a habitat.

Structural effects also include the ‘shaping’ of habitat through

structural features, including canopy openings or closures, and

features that might obstruct animal mobility and movement.

Structure further influences the surface area and availability of

niches for competing species. Habitats with increased structural

complexity in the form of a higher canopy, greater canopy cover, or

more vegetation layers will have a greater volume of potential

habitat (including greater branch and leaf surface area) available for

species to occupy, conceivably leading to greater species richness.

Vegetation structure can not only be related to the species present

in a habitat (floristic composition), but also influence which species

(both flora and fauna) can establish, thus influencing species diversity

and composition. Such effects will regulate the availability of prey and

forage, and influence ecosystem processes such as the amount and

quality of nutrients in soils, thus modifying biotic interactions.

Animals themselves also influence vegetation structure, shaping it

through their foraging and seed dispersal activities [25,26].

Ground terrain similarly influences animals through direct effects

such as the steepness of slopes [32] and indirectly through effects

on hydrology [31,79] or temperature related to aspect [33,72]. Terrain

can also impede animal movement at broad (e.g., mountains or

ridges) and fine scales (e.g., obstacles that hinder escape from

predators [17]), as well as block the line of sight of an animal

[15]. Air movement can be diverted by terrain, interfering with

olfactory cues and similar interactions, such as the use of scent by

an animal during hunting or foraging.
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[34,36], with a strong consensus that LiDAR is both accu-
rate (often more so than ground measurements) and valu-
able for elucidating relations between animals and 3D
ecosystem structure [37–39]. LiDAR is not the only tool
available for measuring ecosystem structure; field-based
methods, active radar sensors [40], and image matching
[41,42] are examples of alternative techniques, yet LiDAR
is arguably the most promising in terms of both accuracy
and cost-effectiveness over large spatial scales that are
meaningful at the ecosystem level (Box 2) [34,35,43].

With the accuracy and feasibility of LiDAR for ecological
studies having been repeatedly demonstrated, a review of
the knowledge gained through the application of LiDAR to
animal ecology is timely and potentially transformative.
Previous syntheses (e.g., [34,36,44–46]) focussed largely on
the technology and its potential application to ecology, with
some limited to forested environments [44,45]. There now
is a need to move the science beyond verification of the
remote sensing method to its application across a range of
habitats, animal communities, and ecological questions,
using it to further unravel observed relations between
animals and ecosystem structure. Here, we synthesise
the knowledge gained from recent studies using 3D-LiDAR
measurements of vegetation and topography as applied to
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animal ecology. We divide the available literature into
three broad taxonomic groups: birds and bats; nonflying
mammals; and invertebrates, aiming to reduce the dispa-
rate literature into a clear and straightforward set of
reductions. We also uncover current biases and gaps in
the literature, and conclude with suggestions on where and
how future research is likely to be most informative for
advancing animal ecology.

Advances in 3D animal ecology
Flying vertebrates: birds and bats

Flying animals (birds, bats, and flying invertebrates) in-
herently move and live in 3D space. Therefore, vegetation
structure will influence all aspects of their ecology, from
habitat characteristics to movement in flight. It is not
surprising then that the bulk of the literature, including
the earliest vegetation structure–animal ecology studies
[2], has focusses on birds.

Most of the 23 avian studies reviewed found a positive
relation between bird richness and abundance (including
activity or occurrence) and canopy structural variability and
complexity, vertical tissue distribution, and overall height
([3,6,12,36–38,47–57], Table 1, see Box 3 for descriptions of
structural metrics). Similarly, of the three published studies
investigating bat responses to 3D vegetation structure
[7,58,59], two reported bat activity and occurrence to in-
crease under conditions of increasing canopy structural
variability [59] and height [58,59] (Table 1). Only three
avian studies recorded a negative relation between some
bird species and canopy complexity [37,38,52], and none did
so for bats. Moreover, within each of these three studies, not
all species responded negatively. Out of 16 riparian bird
species evaluated, six exhibited a neutral response to in-
creased canopy structural complexity, whereas nine
responded positively and only one species (Bullock’s oriole,
Icterus bullockii) decreased with increased complexity
[52]. Similarly, out of 23 passerine species investigated
[37], seven decreased in abundance with taller canopies
and six increased. However, only one species (nuthatch,
Sitta europaea, which increased with taller canopies) de-
creased in abundance with increasing canopy structural
variability. Differences in response are also influenced by
functional guild. Scrub species in temperate forests de-
creased in richness with increasing canopy height, whereas
the richness of forest guild species increased [38]. The eco-
logical effects of increased canopy structural complexity
likely extend beyond effects on bird and bat diversity and
activity. In Hawaiian habitats, for example, native birds
that are adapted to the high structural variability of native
tree species help prevent the spread of structurally simple
invasive trees by outcompeting the non-native birds that are
effective dispersers of the invasive tree [6].

Although most studies report significant relations be-
tween elements of canopy structure and birds, LiDAR has
shown that patterns are not always clear-cut and consis-
tent, even within a single species. For example, in British
woodlands, great tit (Parus major) chick mass, an indicator
of breeding success and habitat quality, increased with
increasing canopy height during abnormally warm
springs, but decreased in colder springs [36]. This study
revealed links between habitat quality and climate that



Box 2. LiDAR: measuring structure

LiDAR is an active remote sensing technique in the sense that the

sensor emits its own light (Figure I). This contrasts with traditional

passive remote sensing techniques, such as satellite imagery and

aerial photography, which rely on reflected radiation from the surface

originating from the sun. LiDAR instruments emit short-duration laser

pulses that illuminate a target and measure its location in three

dimensions (x, y, and z). Given that the time the pulse is emitted and

received back to the sensor is known, as well as the exact position of

the sensor in space (including the roll, pitch, and yaw when on board

an aircraft), the distance to the object can be calculated and the

vertical distribution of the surface measured. LiDAR sensors emit

near-infrared (NIR) light, typically between 900 and 1100 nm. In this

wavelength range, vegetation foliage is partly transmissive, allowing

the NIR light to pass through the canopy to the ground. With each

interaction of the light with the canopy elements, such as foliage,

some of the light is returned to the sensor, allowing for a digitisation

of the vertical distribution of the canopy tissues. In addition, some

light passes through gaps in the foliage to reach the ground.

LiDAR sensors are usually mounted on aircraft (airborne LiDAR),

although ground-based systems also exist. The resolution at which

the laser-return ‘point cloud’ data are collected, from which 3D

models are built, depends on instrument specifications (e.g., scan

angle and mirror rotation frequency) and the distance between the

sensor and the target. The closer the sensor is to the object, the

greater the point cloud density and the higher the resolution of the

LiDAR data. However, the closer the distance, the smaller the area

covered by the laser footprint. See [35] for additional details.

Although aspects of LiDAR data collection and analysis are

expensive, it is cost-effective over large areas compared with field

surveys, and it is becoming increasingly available in many regions

[34]. Furthermore, because of certain fixed costs, the cost of LiDAR per

hectare decreases with the area covered during a survey campaign

[18,43]. Given the financial and time investment needed to collect

reliable field data, such studies are often limited in their spatial extent

and conducted at spatial grains that are too coarse to be relevant for

management [43]. LiDAR data can address these difficulties by

collecting fine-scaled, reliable data over large spatial extents. Never-

theless, LiDAR cannot easily determine floristic species composition or

animal distributions, necessitating field surveys. Therefore, remote

sensing facilitates, rather than impedes, field-based studies.
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Figure I. Example of airborne Light Detection and Ranging (LiDAR) data collected over lowland Amazonia by the Carnegie Airborne Observatory [96]. Laser pulses are

sent and returned to a LiDAR sensor on board an aircraft, scanning from side to side as the plane moves forward in the air, creating a 2D spatial coverage. Each near-

infrared wavelength laser beam penetrates the canopy, returning light along its pathway to the ground. This interaction is digitised by the LiDAR receiver, and is used to

map vegetation height (A), underlying terrain (B), and the layering of the vegetation in between (not shown).
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were only discovered due to the high level of accuracy
inherent to LiDAR-based measurements of vegetation
3D structure. An individual bird species might also show
variable responses to seemingly similar canopy structural
metrics, thereby highlighting the importance of nuanced
differences in structural attributes that are only discern-
able with LiDAR. For example, the abundance of song
thrushes (Turdus philomelos) increased with mean canopy
height in Bavarian forests, but abundance decreased with
increasing maximum canopy height [37].

Canopy cover is another important measurement of veg-
etation 3D structure that is determined, at least in part, by
both canopy structure and plant species composition. It
alters environmental variables beneath the canopy, such
as temperature and solar radiation, and has been shown to
significantly influence bird communities (Table 1). Although
overall species diversity [3,51] and native species [6] dis-
played positive relations with increasing cover, out of 15 in-
dividual bird species investigated in LiDAR based studies,
eight increased (either in abundance, occupancy, or nest
site preference) [19,20,48,49,54] and six decreased [19,54].
Therefore, avian species consistently display higher prefer-
ence for vertical canopy structural complexity than they do
for simple canopy cover alone. Although variation in canopy
structure generates increased habitat heterogeneity, which
is conducive to increased avian diversity [60,61], it is un-
likely that canopy cover does the same. Increased canopy
cover could well create more uniform landscapes because of
683



Table 1. Published LiDAR-based vegetation and topographic 3D structure studies in relation to animal ecologya

Taxonomic group Structural attribute Response Refs

Birds and bats Vegetation

Canopy heterogeneity 22 (out of 44) species occupancy increased with

increasing heterogeneity

[37,47–50,52,53,57]

Two (out of 44) species occupancy decreased [37,52]

Species richness increased [51]

Bat activity and occurrence increased [59]

Canopy vertical distribution Two species (out of two) increased abundance and/or

occupancy with increasing vertical distribution

[50,53]

Species diversity increased [3,51]

Canopy height Chick mass increased in blue tits, decreased in great

tits, was climate dependent for great tit chick mass

(increased in warm springs, decreased in cold springs)

with increasing height

[36,56]

Native to exotic species ratio increased with increasing

height

[6,12]

Species richness (forest species richness increased,

scrub species richness decreased)

[38]

21 (out of 49) species abundance and/or occupancy

increased with increasing height

[37,47–50,52,54,57]

Nine (out of 49) species abundance decreased [37,57,66]

Species diversity increased [3,55]

Bat activity and occurrence increased [58,59]

Canopy cover Native to exotic species ratio increased with increasing

cover

[6]

Species diversity increased [3,51]

11 species (out of 23) increased abundance and/or

occupancy with increased cover (horizontal extent and

foliage density)

[19,20,48,49,54,57]

Six species (out of 23) decreased abundance and/or

occupancy with cover

[19,54]

Understory density Species diversity increased with increasing density [3,51,55,65]

12 (out of 34) species increased abundance and/or

occupancy with increasing understory density

[19,50,53,57]

Seven (out of 34) species decreased abundance and/or

occupancy with increasing understory density

[19,37,49]

Foraging bat abundance decreased with increasing

density

[7,58]

Horizontal structure Two species (out of two) preferred intermediate or

mixed levels of horizontal structure

[47,67]

Species richness increased with increasing patch

diversity

[51]

Contiguous forest Native to exotic species ratio increased with larger

forest patches

[12]

One species (out of one) preferred larger forest patches [66]

Topography

Elevation Species richness decreased with increasing elevation [51]

Slope Species richness decreased with increasing steepness [51]

Nonflying mammals Vegetation

Canopy vertical distribution Two species (out of three) preferred increased vertical

distribution, one avoided it

[13,32,72]

Canopy height Three species (out of five) preferred increased height,

one avoided it. Moose made use of increased height

(and denser canopies) during high temperatures

[13,32,70–72,92]

Canopy cover Three species (out of four) preferred increased cover,

one avoided it. Roe deer preferred increased cover in

cold weather, but avoided it when foraging

[32,70–73]

Understory density Two species (out of two) preferred increased density for

hunting, three (out of three) for foraging. Roe deer

avoided understory when resting

[15,17,70,72,73]

Contiguous forest One species (out of one) preferred larger forest patches [71]

Topography

Elevation Mule deer preferred higher elevation in winter [72]

Aspect Mule deer preferred warmer slopes in winter [72]

Ruggedness Two species (out of two) preferred increased steep

slopes for hunting, one (out of one) for nesting

[17,32]
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Table 1 (Continued )

Taxonomic group Structural attribute Response Refs

Invertebrates Vegetation

Canopy variability Arthropod diversity increased at the tree scale [11]

Beetle and spider species richness increased, and

beetle abundance and diversity increased with

increasing canopy variability

[18,43]

Beetle and spider body size decreased with increasing

variability

[18,43]

Canopy density Arthropod diversity increased with increasing canopy

density at tree scale, but decreased at stand scale

[11]

Canopy height Beetle body size increased, abundance decreased with

increasing height

[43]

Three butterfly species (out of four) preferred increased

height

[76]

Canopy cover One butterfly species (out of four) avoided increased

cover

[76]

Individual spider species responded to shade (cover),

some avoided it, others preferred it

[18]

Understory density Insect abundance increased with increasing density [7]

Three butterfly species (out of four) avoided increased

density

[76]

Topography

Elevation Beetle species richness and spider diversity increased

with higher elevation

[18,43]

Spider body size decreased with elevation [18]

Hydrology Termite distributions were restricted to crests above

seeplines

[31,79]

Female carabid beetles preferred steep slopes with

high flow accumulation

[33]

Aspect Female carabid beetles preferred cooler (north-facing)

slopes

[33]

Other taxa Vegetation

Canopy cover Acoustic diversity decreased with increasing cover [63]

Understory density Acoustic diversity increased with increasing density [63]

Contiguous forest Acoustic diversity decreased with contiguous forest [63]

Topography

Ruggedness Fish species richness and abundance increased with

increased reef rugosity

[97]

Out of four lizard species, two preferred flat areas and

two were widespread. All individual lizards selected

preferred sites with increased solar radiation

[98]

Beach dynamics Sea turtles nested on beaches within a tolerable range

of topographic variables, with slope (compared with

neighbouring regions) being particularly important

[99]

Sea turtle-nesting success decreased with increased

alteration of beach morphology following hurricane

activity

[100]

aFive unique studies describing acoustic diversity [63], fish species richness, and abundance responses to 3D structure [97], lizard habitat preference in relation to

topographic structure [98] and sea-turtle nesting sites [99,100] are included, but not discussed in the main text due to the limited number of studies.
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increased shading and fewer canopy gaps, which are known
to contribute to plant diversity and animal distributions
[62,63].

Vegetation 3D structure beneath the uppermost canopy
has been revealed and mapped through recent advances in
LiDAR technology [64], with its importance for both birds
and bats demonstrated (Table 1). Several studies found
that bird diversity [3,51,55,65] and individual bird species
[19,38,53,66] increased with increasing understory plant
density, whereas others measured decreases [37,49]. The
abundance of open-foraging bats decreased in areas of high
understory plant density [7,58]. These differences in re-
sponse result from differing habitat requirements. For
example, open habitat-foraging bat guilds are adapted to
forage in forest gaps and are unable to utilise areas of high
vegetation density even when they contain higher prey
abundance, whereas other bat species have more inflight
manoeuvrability and are unperturbed by understory vege-
tation [7]. Other species, particularly within understory
specialist guilds, actively seek out dense understory vege-
tation. For example, the reproductive success of black-
throated blue warbler (Dendroica caerulescensis) is posi-
tively influenced by understory plant density [50].

Horizontal structure in the form of vegetation extent as
well as topographic variables also influences avian ecology
(Table 1). Bird species richness [51], and at least two
individual species [47,67], displayed a strong preference
for heterogeneous horizontal vegetation structure and
patch dynamics, whereas willow warbler (Phylloscopus
trochilus) [66] and native Hawaiian species [6] preferred
685



Box 3. Describing vegetation structure

LiDAR has enabled measurement of 3D ecosystem structure like never

before. However, there is a plethora of terms used to describe 3D

structure, with the possibility of confusion arising as to what different

terms mean. This is heightened by a lack of concise definitions

presented in the literature. In the broadest sense, there are differences

between vertical and horizontal structure. Vertical vegetation struc-

ture refers to the arrangement of canopies and tissues in the z

dimension (e.g., canopy height, Figure I), whereas horizontal vegeta-

tion structure refers to these arrangements in x and y [e.g., canopy

cover and forest extent (including patch connectivity)]. It is possible to

measure horizontal structure with passive remote sensing techni-

ques, but vertical structure is only quantifiable with active remote

sensing. Vegetation vertical structure involves the arrangement

(distribution and layering) of canopy and understory elements as

well as their height. Vertical structural heterogeneity refers to the

variability of canopy dynamics (canopy structural variability), and

incorporates variation in aspects such as canopy height and the

vertical distribution of canopy layers and tissues (where in the

canopy, including the vertical spread, branches and tissues are

positioned). Canopy structural complexity increases when there are

more components (layers and tissues) to the canopy (Figure I).

Canopy understory (vegetation beneath the uppermost stratum of

the canopy) can be measured with newer LiDARs because of the high

wattage of the newest lasers, and because of the transmissive nature

of the NIR light emitted by the sensor (Box 2). Understory vegetation

can be extracted directly from models of the 3D structure of the laser

point cloud (Box 2) collected beneath the canopy, or indirectly

through the penetration ratio of the emitted light. This ratio can also

be used to measure the density of canopies, and serves as a proxy for

microclimatic conditions (e.g., light and temperature) in the lower

levels of vegetation (e.g., [3]).

Topographic structure (e.g., elevation, terrain roughness, and slope

steepness) can also be measured at fine spatial resolutions with

LiDAR. An advantage of LiDAR over traditional methods is that the

vegetation layer can be removed through modelling techniques,

revealing a ‘bald’ surface (Box 2). This provides a much-improved

perspective on landscape topography and can be used to measure

topographic features otherwise concealed by vegetation.
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Figure I. Cross-sectional view of African savanna vegetation structure collected by the Carnegie Airborne Observatory. Different aspects of the three-dimensional

vegetation structure are defined throughout the paper as: (A) canopy cover, (B) canopy height, (C) vertical layering or profile, (D) vegetation understory, and (E)

topography. Combined, (A–E) define the structural heterogeneity and/or complexity of an ecosystem.
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larger patches of contiguous forest. Only a single study
investigated bird responses to topographical structure
measured with LiDAR [51], finding that overall avian
species richness decreased with increasing slope and ele-
vation in North American mixed-conifer forests, but only at
one of two study sites.

Although vegetation structure has long been understood
to be important for birds and bats, LiDAR technology has
revealed which structural metrics are most important and
how even subtle structural changes matter. The degree of
vertical structural heterogeneity in the canopy layer (mea-
sured as canopy structural variability, vertical distribu-
tion, and complexity; Box 3) is most conducive to increased
diversity and favourable to most species. Habitat hetero-
geneity enables competing species to coexist and promotes
species diversity through the creation of multiple niches
[60,61,68,69]. Increased structural heterogeneity in the
canopy layer generates a variety of habitats in 3D space,
enhancing diversity and favouring most flying vertebrate
species. By contrast, canopy height and cover, and the
density of understory vegetation, have been shown with
LiDAR to have mixed results for bird and bat diversity.
This re-enforces the notion that vegetation structural het-
erogeneity is pivotal to increased bird and bat diversity.
Responses to structural changes are further co-mediated
by plant growth form and floristic composition, with these
686
acting in concert with structural characteristics to influ-
ence bird and bat assemblages (e.g., [6]).

Nonflying mammals

Compared with bird and bat research, fewer studies
(eight) have considered interactions between 3D vegeta-
tion structure from LiDAR and nonflying mammal species,
but all have recorded significant relations between at least
one measure of vegetation structure and habitat prefer-
ence [13,15,17,32,70–73] (Table 1). Together, these stud-
ies suggest that, similar to flying vertebrates, the
structural heterogeneity of the vegetation underpins pop-
ulation and community assembly of nonflying mammals.
At least two species, Pacific fishers (Martes pennanti) [32]
and mule deer (Odocoileus hemionus) [72], were shown to
respond positively to increased canopy vertical heteroge-
neity. More importantly, however, varied responses to
vegetation structural measures were exhibited by mam-
mals, even between sexes of the same species [15], empha-
sising the necessity of heterogeneous landscapes for
animal diversity.

Vegetation structure also influences predator–prey
relations in different ways. Although open areas (less
understory vegetation density) favour female lion
(Panthera leo) hunting habits in southern African savan-
nas, male hunting success increases in areas of denser
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vegetation, owing to their close-quarters, ambush style of
attack compared with that of females, attesting that, in
contrast to conventional wisdom, male lions are adept at
hunting, but use a different strategy [15]. Across species,
lynx (Lynx lynx) predation on roe deer (Capreolus capreo-
lus) was greater in areas of dense understory vegetation,
whereas human (Homo sapiens) hunters targeted open
areas (decreased understory). This created contrasting
areas of risk for roe deer and few low-risk areas [17]. Such
interactions between vegetation structure and predator–
prey relationships are likely ubiquitous and changing
rapidly as human hunting landscapes expand at the de-
mise of nonhuman predator densities [74,75].

Topographic 3D structure has appeared in more LiDAR
habitat studies for nonflying vertebrates than for flying
ones (Table 1). Being constrained to the terrestrial surface,
such animals have reduced mobility and are strongly
influenced by topography, demonstrated by the importance
of terrain ruggedness to several species. Ruggedness was
an important predictor of successful roe deer hunting for
both lynx and human hunters. Steeper slopes enable hun-
ters to get closer to deer, and deer escape routes can be
more easily predicted by hunters in difficult terrain [17]. In
addition to increased canopy structural complexity, Pacific
fishers preferred nest sites on steeper slopes, where they
have better access to water [32], providing insight for
effective conservation management and planning for this
species. Accordingly, these studies suggest that topograph-
ically varied landscapes are better at enabling the coexis-
tence of predators and prey, as well as competing species
with differing abilities to access rugged areas.

Invertebrates

From the eight studies available for review, variability in
the canopy profile (both vertical and horizontal), or ‘struc-
tural variability’ (Box 3), rather than a single structural
metric, was most important for invertebrate assemblages
(Table 1). Beetle [43] and spider [18] species richness, as
well as beetle abundance and diversity [43], increase with
increasing canopy structural variability. Differences in
canopy height have also been an important predictor of
invertebrate prevalence, with three butterfly species pre-
ferring areas of increased canopy height [76], whereas
beetle abundance decreased with canopy height [43]. Most
invertebrates, because of their small size, function at small
spatial scales (tens of meters), with response patterns to
structural variables changing over similarly small scales.
Mü ller et al. [11] found higher arthropod diversity with
increased canopy structural variability and density at the
tree scale, but significantly lower diversity at the stand
scale, suggesting that the highest levels of arthropod di-
versity will be in forests with relatively open stands con-
taining individual trees with dense crowns. Such insight
was only possible because of the unique ability of LiDAR to
accurately map forest structure at a fine resolution over a
broad spatial extent.

Canopy cover has had mixed effects on invertebrates.
One butterfly species avoided it, whereas three others were
unaffected [76]. Some individual spider species showed
preference for increased shading and, therefore, preferred
higher canopy cover, whereas others avoided it, favouring
increased levels of solar radiation [18]. The mixed
responses that invertebrates display to both canopy struc-
tural variability and height, and canopy cover, imply that
habitat heterogeneity is essential for their biodiversity in
similar ways to birds, bats, and nonflying mammals. Dif-
ferent groups (overall arthropod diversity [11], spiders
[18], and beetles [43]) increase in richness and abundance
with increasing canopy structural variability, but results
are mixed in terms of simple canopy cover.

Beyond diversity and autecology, LiDAR measurements
have revealed relations between invertebrate body size
and vegetation structure (Table 1). Body size has impor-
tant implications for organisms through its effect on ther-
moregulation and energetics [77], and appears to respond
to vegetation structure in directions opposite to those of
diversity. Whereas beetle [43] and spider [18] species
richness increased with increasing canopy structural vari-
ability in temperate forests, the body size of both groups
decreased. Furthermore, beetle abundance increased with
increasing canopy height, but body size decreased
[43]. Body size variation has been clearly linked to climatic
factors [77] and, although arthropods exhibit variable
responses, European spider body size declines with tem-
perature [78], in line with increasing canopy structural
variability [18], which affects temperature and moisture
regimes through opening up of the canopy. Therefore,
vegetation structure, through influences on climate, can
have effects not only on animal distributions and diversity,
but also indirectly (Box 1) on morphological attributes.

LiDAR studies have shown that invertebrates respond
to topographic 3D structure, particularly through indirect
effects on hydrological dynamics. Termite mounds of the
genus Macrotermes are clustered on crests above hydro-
logical seeplines in savanna catenal landscapes to avoid
inundation from flooding [31,79], while also occurring at
higher densities on crests with higher woody cover [79]. Ca-
rabid beetles (Coleoptera, Carabidae) also respond to to-
pographical effects on hydrology, with a higher proportion
of female beetles found on steep and cool slopes that have
high levels of flow accumulation, providing better access to
water [33].

Current biases in 3D-habitat mapping
Most LiDAR-animal ecology studies conducted thus far are
strongly biased toward birds in forested landscapes of
North America and Europe (Figure 1), and have remained
so since the earliest studies [34]. This is somewhat under-
standable given: (i) the inherent 3D nature of bird ecology;
(ii) the appeal and suitability of LiDAR for mapping for-
ested environments [80]; and (iii) the relatively greater
availability of LiDAR funding resources and expertise in
North America and Europe. However, this has limited the
current potential of LiDAR to better understand how 3D
ecosystem structure affects animal dynamics. Successful
LiDAR-based studies of nonflying mammals, inverte-
brates, and acoustic diversity (Table 1) have been carried
out in Africa and South America, and in ecosystems other
than forests, with new insights gained; however, because of
the paucity of studies, it is difficult to make broad state-
ments of understanding for these taxa or regions. More-
over, even though most studies focussed on birds, none of
687
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these are outside of North America, Europe, or Hawaii, and
not a single LiDAR animal ecology study has been reported
from either Asia or Australia.

Although forests are often perceived as harbouring high
vegetation structural heterogeneity with pronounced ani-
mal responses in these environments, all biomes contain
highly variable levels of vegetation and topographic struc-
ture. Any universal model describing structural effects on
animals will need to consider these other biomes, as well as
taxonomic groups other than birds. Several biomes are
undergoing vast structural changes. In areas where defor-
estation and forest degradation is on-going (e.g., tropical
forests [81,82]), structural complexity and heterogeneity
are decreasing, whereas in other areas, bush encroach-
ment and woody thickening are either increasing or de-
creasing vegetation structural complexity [83,84]. An
understanding of how these vegetation changes will affect
animals cannot be achieved without detailed knowledge on
the interactions between animals and vegetation structure
in multiple environments and across various taxonomic
groups (e.g., [85]).

Synthesis
LiDAR technology has revealed strong influences of 3D
ecosystem structure on animal diversity and distribution,
many of which were previously indiscernible. This has
revealed the importance of 3D structure relative to the
more commonly measured metric of canopy cover, finding
vertical structure to be more influential in predicting ani-
mal dynamics, especially for birds and invertebrates. In-
creased structural heterogeneity usually leads to increased
688
richness and abundance, whereas canopy cover has mixed
results. There is a strong emphasis on measuring vegeta-
tion cover as a proxy for vegetation structure and ecosys-
tem pattern (e.g., [86]), but cover increases do not always
lead to increased animal diversity. In fact, this synthesis
shows that it often leads to a reduction in animal diversity,
with richness and abundance positively responsive rather
to 3D vertical structural heterogeneity. Given the relative-
ly few studies to date using LiDAR to investigate animal
responses to 3D structure, and the current biases in the
literature, we are not yet able to construct a detailed
universal model of exactly which components of 3D vege-
tation or topographical structure matter most for animal
diversity or specific guilds. However, the literature does
indicate that structural heterogeneity is most conducive to
increased animal diversity, following the general hetero-
geneity–diversity hypothesis [60,61]. This implies that
landscapes with greater structural heterogeneity (e.g.,
natural forests compared to plantations) are more desir-
able for increased animal diversity. Moreover, the studies
that do exist on a great variety of taxa and ecosystems
demonstrate that LiDAR has the potential to yield insights
across taxa and, if applied more broadly, will further
advance our understanding of the relations between ani-
mal ecology (diversity, distributions, and behaviour) and
vegetation structure.

Although structural heterogeneity leads to a general
increase in diversity by promoting species coexistence,
differences in response across taxonomic groups suggest
that different components of 3D structure matter more to
different groups. Flying vertebrates respond to 3D vertical
structure, canopy cover, and understory density (Figure 2),
but species richness and abundance (and/or occupancy)
increase more consistently with 3D vertical structural
heterogeneity. Responses to canopy cover and understory
density are mixed, being positive for some species and
negative for others. Being constrained to the surface and
smaller scales, topographic structure has been found to be
more consequential for nonflying mammals and inverte-
brates than for flying vertebrates (Figure 2B). Canopy
cover has also been shown to have positive effects on
nonflying mammal species, whereas understory vegetation
density influences predator hunting habits. Vertical struc-
tural heterogeneity has had mixed results for this group.
Giving their diverse range of life forms, invertebrates
respond to various 3D structural components, including
vertical heterogeneity, understory density, and topograph-
ic structure, but less so to canopy cover (Figure 2).

Despite the importance of 3D structure for animal
ecology, vegetation growth form and floristic composition
still have profound impacts on animal communities. There
is long-standing debate on the relative importance of each
for animals [3–9,14], with strong cases argued for both
structure and floristic composition. In reality, they are
likely to work in concert with species composition, affecting
structure by dictating the persistence of specific growth
forms, species, or plant communities. For example, floristic
composition and vertical structure were indistinguishable
and equally important in predicting avian abundance in
Hawaiian habitats [6]. Structure might or might not be
determined by the species composition, but where it is,
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these two aspects of plant communities will have profound
effects on animals and, thus, they need to be considered
together. Given that LiDAR cannot easily detect variation
in plant composition, field-based studies or other remote
sensing approaches are necessary, complementing LiDAR
structural data. Such studies provide an opportunity to
disentangle the relative importance of physiognomy and
composition for animal ecology (e.g., [3]) across taxonomic
groups and geographical regions, where responses are
likely to differ [87]. Before the advent of LiDAR, such
studies were difficult to conduct because measurements
of vegetation structure were severely restricted, both in
precision and spatial extent.

Concluding remarks and future directions
Much of the application of LiDAR to date has focussed on
investigation of already known or suspected ecological
relations, such as increased heterogeneity leading to in-
creased animal diversity. Potential exists to make use of
the technology and its ability to measure ecosystem com-
plexity and heterogeneity to unravel the mechanistic
underpinnings and finer details of such broad relations.
Simple positive relations between heterogeneity and
diversity have recently been challenged [88,89] and the
shape of the relation shown to differ between habitats and
the measures of heterogeneity used [90]. Many studies
investigating heterogeneity–diversity have suffered from
not being able to accurately measure 3D vegetation struc-
ture (an important component of heterogeneity) accurately
or over large spatial extents [90]. LiDAR is capable of
providing such data and should be used to decipher such
relations.

In conjunction with GPS telemetry data [91], LiDAR
provides an excellent opportunity to assess how animal
movement is affected by vegetation and topographic struc-
ture. New insights and finer details about how animals
make decisions based on habitat structure, from activities
as diverse as hunting [15,17] and thermoregulation [92],
have been achieved with LiDAR data. Such insight can
lead to a deeper understanding of how animals interact
with their environment and each other, including how
competing species might spatially avoid each other and
coexist through use of ecosystem structure.

Future animal ecology studies will benefit by including
structural aspects shown to be important in this synthesis
in their analyses, and by placing higher priority on metrics
produced by LiDAR that address these more directly, such
as measurements related to vertical structural heteroge-
neity and complexity, as well as topographical features.
Helpful reviews of the more useful metrics available from
LiDAR are provided by [45,46,93]. Furthermore, although
structural heterogeneity is most favourable for increased
diversity, exactly which structural elements should display
the most heterogeneity for increased diversity, and wheth-
er these components are consistently important across
taxa and biomes, warrant further investigation.

The use of LiDAR data should be extended beyond only
taxonomic diversity to investigate how ecosystem structur-
al components, relative to species composition, affect func-
tional diversity and ecosystem services. Given the current
rapid loss of biodiversity and its impacts on ecosystems
[94,95], such understanding will be imperative and inform
which structural components are necessary to sustain
ecosystem functioning and prevent further losses. Multi-
trophic interactions in relation to ecosystem structure are
another avenue of research that is currently lacking. Pres-
ently, only two studies exist using LiDAR ([15,17]), both
demonstrating influences of vegetation structure on pre-
dation success, and highlighting the need for heteroge-
neous landscapes to facilitate biodiversity and species
coexistence. LiDAR holds tremendous promise for deepen-
ing our knowledge and understanding of structural effects
on animal dynamics, providing habitat information that is
otherwise unattainable, and should be applied with great-
er vigour to unravel the nuances of plant–animal relations
at ecosystem to global scales.

Acknowledgements
This review was supported by the Andrew Mellon Foundation. The
Carnegie Airborne Observatory is made possible by the Gordon and Betty
Moore Foundation, the John D. and Catherine T. MacArthur Foundation,
Avatar Alliance Foundation, W.M. Keck Foundation, the Margaret A.
Cargill Foundation, Grantham Foundation for the Protection of the
Environment, Mary Anne Nyburg Baker and G. Leonard Baker Jr, and
William R. Hearst III.
689



Review Trends in Ecology & Evolution December 2014, Vol. 29, No. 12
References
1 Dunlavy, J.C. (1935) Studies on the phyto-vertical distribution of

birds. Auk 52, 425–431
2 MacArthur, R.H. and MacArthur, J.W. (1961) On bird species

diversity. Ecology 42, 594–598
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