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Abstract The need to understand how anthropo-
genic landscape alteration affects fauna populations
has never been more pressing. The importance of
developing an understanding of the processes behind
local extinction is widely acknowledged, but inference
from spatial patterns of fauna distribution continues to
dominate. However, this approach is limited in its
ability to generate strong predictions about future
distributions and local extinctions, especially when
population-level responses to landscape alteration are
subject to long time lags. We review the potential for
indices of physiological stress and condition to
contribute to understanding of how landscape pattern
affects species persistence. Such measures can indi-
cate habitat quality from the perspective of the
individual animal, and can reveal environmental
stressors before their negative consequences begin to
manifest at a population level. Spatial patterns of
chronic stress may therefore yield valuable insight into
how landscape alteration influences species. We
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propose that the emerging disciplines of conservation
physiology and macrophysiology have much to offer
spatial ecology, and have great potential to reveal the
physiological pathways through which habitat alter-
ation affects fauna populations and their persistence in
fragmented landscapes.
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Introduction

Understanding how faunal populations respond to
landscape spatial pattern is an urgent problem in the
face of anthropogenically-driven habitat fragmenta-
tion and degradation. Much current research relies on
relating species distribution to landscape patterns
(Mazerolle and Villard 1999; Elith and Leathwick
2009). More recently, there has been increasing focus
on exploring the key processes behind distributional
patterns—shifts in the strength of interspecific inter-
actions such as predation, parasitism and interspecific
competition (Chalfoun et al. 2002; Benson et al. 2010;
Maron et al. 2011); impeded mobility at daily,
generational and genetic timescales (Baguette and
Van Dyck 2007; Shanahan et al. 2010) and changed
patterns of availability of key resources (Watson
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2011). Development of such understanding relies on
shifting focus from patterns of species distribution
towards attempting to characterise better the chain of
cause and effect which links landscape change to
population responses.

While information about species’ distributions (i.e.,
presence/absence, abundance, species richness) is
often straightforward to collect with minimal equip-
ment or expertise and has contributed significantly to
landscape ecological knowledge, there are limitations
to the type of inferences that can be made from such
data. Firstly, the deleterious effects of anthropogenic
landscape alteration on a population can only be
detected using this approach once the population has
begun to decline. Secondly, the trajectory of faunal
relaxation following fragmentation is uncertain, with
predictions complicated by several factors such as a
lack of pre-fragmentation data (MacHunter et al. 2006;
Ford et al. 2009), and so examining a pattern of
distribution cannot tell us whether extinction debts in a
landscape have been fully paid.

The effects of fragmentation on populations start
with effects on individuals. There are multiple
processes through which fragmentation and other
forms of landscape alteration might affect individuals.
Reducing the area of contiguous habitat below a
species’ home-range size reduces resource availabil-
ity, meaning individuals must either increase energy
expenditure and employ a strategy of multiple patch
use, or suffer consequences of resource limitation
(Hinsley 2000). Dispersal between patches becomes
more hazardous and infrequent as remnants become
more isolated and the matrix more hostile, increasing
the risks and costs to the individual (Baguette and Van
Dyck 2007). Additionally, habitat quality declines,
with increased edge to interior ratios mediating
changes in resource density, increased exposure to
extra-patch abiotic conditions and elevated risk of
deleterious interspecific interactions such as predation
(Burke and Nol 1998; Hinsley 2000). In most of these
cases, the impact of these processes is manifest on
individuals at a physiological level before negative
consequences are expressed and observed as popula-
tion-level declines or local extinctions.

We argue that developing an understanding of how
vertebrates respond physiologically to stressors exac-
erbated by anthropogenic landscape change therefore
holds great potential for a deeper understanding of
how such change impacts fauna, both individually and

@ Springer

at the population level. For example, while the
occupancy of particular habitats (habitat selection) is
an indication of habitat preference, it does not
necessarily indicate true habitat quality (Van Horne
1983; Johnson 2007; Patten and Kelly 2010). Directly
measuring an individual’s physiological response to
its environment can yield insights into true habitat
quality. Yet although many studies outside the field of
landscape ecology have investigated the physiological
responses of vertebrates, mainly birds, to external
stressors such as handling by humans and varied food
availability (Kitaysky et al. 1999; Vleck et al. 2000;
Mortimer and Lill 2007), relatively few have used the
approach to evaluate effects of landscape change such
as fragmentation on the health and condition of
individuals (Mazerolle and Hobson 2002; Hinam and
St. Clair 2008; Janin et al. 2011).

Systematic patterns in physiological parameters
measured on individual animals may provide early
indicators of populations in trouble before the stress
of a disturbance significantly impacts reproduction or
other measures of performance (Wingfield et al.
1997, 1998). These indicators can be used to
establish baseline data on populations, determine
effects of disturbances, understand mechanisms of
disease, understand nutritional requirements, monitor
changes to populations and guide habitat manage-
ment and restoration efforts (Carey 2005; Wikelski
and Cooke 2006; Cooke and Suski 2008). Consid-
eration of these physiological indicators in a spatial
context provides insight into the mechanisms by
which habitat loss and fragmentation may result in
negative outcomes for faunal populations. Indeed,
such approaches are directly aligned with the
emerging fields of conservation physiology (Steven-
son et al. 2005; Wikelski and Cooke 2006, Cooke
and Suski 2008, Cooke and O’Connor 2010) and
macrophysiology (Chown et al. 2004; Chown and
Gaston 2008; Gaston et al. 2009).

In this review, we aim to: (1) examine recent
published studies in landscape ecology to compare the
frequency of research into patterns of species’ distri-
butions with that of more proximate indicators of
process, including physiological stress and body
condition; (2) describe the generalised stress response
in vertebrates; (3) introduce a conceptual framework
outlining potential stressors linked to habitat frag-
mentation; and (4) explore the potential for indices of
stress and condition to enhance our understanding of
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how landscape pattern affects the persistence of
species.

Landscape ecology research: distribution patterns
versus ecological processes

In order to evaluate the prevalence of process-
focussed research in landscape ecology, particularly
research evaluating animal stress and condition in
fragmented landscapes, we conducted a review of
empirical studies using Web of Science. We searched
for articles published between 2005 and 2011 using
the search terms “habitat and fragmentation”, “habitat
and landscape pattern”, and ‘“habitat and spatial
pattern”, and included only articles and proceedings
papers. This search yielded 4,683 results, 950 of which
were empirical studies relating fauna (vertebrate and
invertebrate) to some measure(s) of habitat. For each
of these studies, we classified the response vari-
able(s) as either a distribution-related measure (pres-
ence/absence, abundance, species richness) or a
process-related measure including the broad catego-
ries predation, reproduction, movement, gene flow,
and individual condition.

Of the 950 studies, 73% related some measure of
vertebrate or invertebrate distribution to habitat and/or
landscape factors, while 45% measured more proxi-
mate indicators of process. The most commonly
investigated processes were gene flow with 136
studies (14%) and movement with 125 studies
(13%), followed by reproduction with 71 studies
(8%). Only 36 studies (4%) explored links between
health, stress, body condition or physiological status of
animals, and habitat or landscape factors. Of these 36
studies, most examined morphology or parasite load as
an indicator of body condition. The small number of
such studies suggests that physical and physiological
indicators—particularly indicators of chronic stress—
have yet to be widely embraced as indicators of faunal
responses to habitat spatial pattern.

Stress in terrestrial vertebrates

Ecologists, drawing on a wealth of veterinary and
biomedical literature, are increasingly recognising that
the stress responses of animals are correlated with

their overall health (Romero 2004; Davis et al. 2008).
Measurements of physiological stress responses and/
or chronic stress levels in individuals can thus be used
to assess the effects of parameters such as habitat
quality, anthropogenic disturbances, interspecific
interactions, and energy availability on whole popu-
lations. The utility of physiological stress indices in
revealing the long-term effects of an animal’s envi-
ronment on its health, survival and/or fitness depends
on an understanding of the causes and consequences of
chronic stress. In this section, we outline the gener-
alised stress response in vertebrates, discuss the
consequences of chronic stress, and describe the
major sources of stress in wild vertebrates. We end
this section by describing commonly measured indi-
cators of chronic stress.

The stress response

A stressor is an external noxious stimulus that
activates an acute ‘stress response’ of physiological
and behavioural coping activities (Romero 2004).
When an individual experiences a stressor, several
neurological and endocrine actions follow in sequence
(Fig. 1). In the first phase of the acute stress response,
activation of the sympathetic nervous system leads to
the release of epinephrine and norepinephrine (i.e.,
catecholamines) from the adrenal medulla. In the
second phase of the acute stress response, neuroendo-
crine signals are sent from the brain via the hypotha-
lamic—pituitary—adrenal (HPA) axis to the adrenal
cortex which releases glucocorticoids (mainly corti-
costerone or cortisol, depending on the taxonomic
group). Increased circulating levels of catecholamines
and glucocorticoids in the body trigger a suite of
behavioural, hormonal and physiological responses
that reduce non-essential activities and help the
individual escape from or cope with the stressor, as
summarised in Fig. 1 (Wingfield et al. 1997, 1998;
Wingfield and Ramenofsky 1999; Wingfield and
Kitaysky 2002; McEwen and Wingfield 2003).
Glucocorticoids play several complementary roles
in the chronology of a stress response. These roles
include: (1) direct stimulation or inhibition of activ-
ities to help the individual to cope with the stressor
(e.g., increase gluconeogenesis, promote alertness and
escape behaviour, regulate immune system function,
suppress reproductive behaviour), (2) permissive
regulation of other body systems not directly involved
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Disrupt second messenger systems
Neuronal cell death

Suppress growth and metamorphosis

Chronic stress

Fig. 1 Mechanisms of stress response and the effects of acute
and chronic stress on animals (adapted from Wingfield et al.
1997, 1998; Romero 2004). In the first phase of the acute stress
response, activation of the sympathetic nervous system leads to
release of catecholamines by the adrenal medulla. In the second
phase of the acute stress response, neuroendocrine signals
travelling along the hypothalamic—pituitary—adrenal (HPA) axis

in the acute stress response (e.g., sustain increased
cardiovascular function), and (3) termination of the
stress response via negative feedback inhibition,
recovery and preparation for future stressors (Sapol-
sky et al. 2000; Romero 2004). This acute Emergency
Life History Stage (ELHS), summarised in Fig. 1,
helps the individual survive the disturbance, and then
return to normal activities such as reproduction and
territorial defence once the stressor is gone (Wingfield
et al. 1997, 1998; Wingfield and Ramenofsky 1999;
Wingfield and Kitaysky 2002; McEwen and Wingfield
2003). However, stressors that are chronically present
in the environment may cause overstimulation of these
coping activities and lead to detrimental ‘chronic
stress’ (Romero 2004).
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Vasoconstriction of specific tissues (e.g. skin)
Decrease digestion and gut motility
Maintenance of blood glucose levels

Increase gluconeogenesis

Increase glycogenolysis

Increase fat catabolism

Enhance effects of
catecholamines

lead to the release of stress hormones (glucocorticoids) by the
adrenal cortex. The acute stress response induces an Emergency
Life History Stage (ELHS), which allows the animal to cope
with or escape from the stressor(s). Chronic exposure to high
levels of glucocorticoids (i.e., chronic stress) can have
detrimental effects on physiological function, reproduction
and survival

Consequences of chronic stress

Prolonged exposure to stressors (e.g., food limitation,
anthropogenic disturbance) leading to chronically
elevated levels of stress hormones, particularly glu-
cocorticoids, can have substantially detrimental
effects on an individual and ultimately lead to its
demise (Wingfield et al. 1997, 1998; Wingfield and
Ramenofsky 1999; Wingfield and Kitaysky 2002;
McEwen and Wingfield 2003). This prolonged state of
chronic stress (or ‘allostatic overload’; sensu McEwen
and Wingfield 2003) can result in depressed immune
response, reduced reproductive success, reductions in
muscle mass (i.e., protein loss), and suppressed growth
(Wingfield et al. 1997, 1998; Wingfield and
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Ramenofsky 1999; Wingfield and Kitaysky 2002;
McEwen and Wingfield 2003).

For example, an important primary effect of
elevated circulating glucocorticoid levels is to
increase plasma glucose levels (i.e., the mobilization
of energy from fat stores and muscle via gluconeo-
genesis). This provides the individual with the energy
necessary to endure or escape from the stressor
(Wingfield et al. 1997; 1998). This mobilization of
energy is useful in the short term, but continued
depletion of fat stores and protein loss reduces body
condition and fitness and may lead to death (Wingfield
et al. 1997; 1998; Romero and Wikelski 2001).

Elevated glucocorticoid levels can also suppress
reproductive behaviour to allow the animal to survive
a stressor (Wingfield et al. 1998; Romero 2004).
Studies on pied flycatchers (Ficedula hypoleuca) and
side-blotched lizards (Uta stansburiana) show that
increased (implanted exogenous) corticosterone sup-
presses reproductive behaviour (Wingfield et al.
1998). By avoiding the additional time and energy
demands of reproduction, such as egg production or
feeding young, this response increases the probability
of individual survival and allows the individual to be
better prepared to commence reproductive effort when
the stressor has passed if it is temporary, such as
unpredictable bad weather (Wingfield et al. 1998).
However, if a permanent stressor such as habitat loss
and fragmentation caused the animal to abandon
reproductive effort, it may not recommence reproduc-
tion, hence increasing the risk of population decline or
local extinction (Wingfield et al. 1997).

Finally, while disease itself can act as a stressor
(e.g., Lindstrom et al. 2005), chronically stressed
individuals can also suffer suppressed immune
responses and increased susceptibility to disease
(Apanius 1998; Wingfield and Ramenofsky 1999;
Buchanan 2000; Wingfield and Kitaysky 2002; Lind-
strom et al. 2005; Martin 2009). Immune suppression
due to chronic stress (especially when mediated by
chronically elevated levels of glucocorticoids) seems
to be mainly limited to the humoral or adaptive
components, often leaving innate immunity intact or
even enhanced (Wingfield and Ramenofsky 1999;
Hangalapura et al. 2005; Bourgeon and Raclot 2006;
Martin 2009; Stier et al. 2009). Martin (2009) provides
an excellent recent review of the complex topic of
stress and immunity in wild vertebrates, emphasizing
the importance of time scale (i.e., duration of stressor)

in considering effects on immune function. Buchanan
(2000) reviews the mechanisms by which glucocorti-
coids may suppress immunity, and discusses some of
the complexities of and debate regarding interpreta-
tion of the effects of stress hormones on immune
function.

Stressors

Both short- and long-term environmental perturba-
tions can trigger a stress response in wild vertebrates.
Variations and disturbances in the natural environ-
ment, such as inclement weather and inconsistent food
supply, can invoke a stress response. Studies of white-
throated sparrows (Zonotrichia leucophrys) and dark-
eyed juncos (Junco hyemalis hyemalis) show that
unpredictable snow storms can cause increased secre-
tion of corticosterone (the main stress hormone in birds
and reptiles) and steer the bird away from its normal
behaviour (Rogers et al. 1993; Wingfield and Ra-
menofsky 1997). This increase in circulating cortico-
sterone leads to increased foraging behaviour (Rogers
et al. 1993). When unfavourable weather conditions
cease, corticosterone levels return to normal, bringing
the bird out of the ELHS and restoring its normal
activities (Rogers et al. 1993; Wingfield et al. 1998).

However, stressors such as prolonged severe
weather, interspecific competition, loss of mate,
pollution, habitat change or loss, and other prolonged
disturbances can all trigger a stress response in free-
living vertebrates (Wingfield et al. 1998). These
stressors directly harm the individual by reducing
food availability, increasing energy demands or
restricting access to resources and habitat (e.g., patch
isolation) (Wingfield et al. 1998). For example,
American redstarts (Setophaga ruticilla) wintering in
Jamaica segregate into male and female areas, and
females were found to have higher corticosterone
levels and lower body mass (Marra and Holbertson
1998). Although the increase in corticosterone may
have increased the foraging activity of the females,
their lower body mass indicated that the increased
foraging effort was not adequate to compensate for the
stress of habitat segregation, probably because male
dominance behaviour forced females to use less than
ideal habitat (Marra and Holbertson 1998).

In some cases, reduced food supply can last longer
and be more severe than can be endured. In the
Galapagos Islands, the El Nifio event of 1998 resulted
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in a failure of the upwelling of nutrients that normally
produces the algae food source for marine iguanas
(Amblyrhynchus cristatus) (Romero and Wikelski
2001). Affected iguanas had high levels of corticoste-
rone and low body condition, probably due to protein
catabolism triggered by corticosterone in an effort to
mobilize energy resources (Romero and Wikelski
2001). Iguana populations with elevated corticoste-
rone levels had significantly reduced survivorship
(Romero and Wikelski 2001). This example demon-
strates the potential for measures of individual condi-
tion to predict population-level consequences of
environmental perturbations.

Quantifying physiological stress

Common methods of measuring stress in vertebrates
are through circulating levels of glucocorticoids in the
blood, a count of the leukocyte profiles (ratios of
heterophils or neutrophils to lymphocytes) (Gross and
Siegel 1983; Wingfield et al. 1998; Davis et al. 2008)
or levels of glucocorticoids in the feces (Wasser et al.
1997; Martinez-Mota et al. 2007). Animals experience
stress upon capture that is almost immediately mea-
surable through circulating glucocorticoids in the
blood, and so direct measurements of glucocorticoid
levels must be taken as soon as possible (i.e., within
3-5 min, depending on the species) after an individual
is captured (Davis et al. 2008). However, chronically
elevated levels of circulating glucocorticoids alter the
leukocyte profiles, increasing the number of heter-
ophils (birds and reptiles) or neutrophils (mammals
and amphibians), and decreasing the number of
lymphocytes. Thus, the ratio of heterophils or neutro-
phils to lymphocytes has increasingly been used as a
measure of chronic stress (Gross and Siegel 1983;
Vleck et al. 2000; Davis et al. 2008). This ratio appears
to be a more reliable indicator of chronic stress
because the ratio does not significantly increase
immediately upon capture (Davis 2005), whereas
circulating levels of glucocorticoids in the blood are
a better indicator of short term stress responses (Gross
and Siegel 1983; Vleck et al. 2000; Mortimer and Lill
2007). The H/L or N/L ratio has been found to be a
useful predictor of both individual and population
responses to long-term stressors in most vertebrate
groups (Davis et al. 2008).

Heat-shock proteins (HSPs, also more recently
known as “stress proteins”) are produced by cells in
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response to a variety of stressors, and may act to prevent
or reverse protein damage (reviewed by Buchanan
2000). HSP responses (and the regulation thereof) are
complex and a subject of much current research, but
they do appear to represent a reliable alternative for
quantifying stress in wild vertebrates (Merino et al.
1998). Other measures linked to chronic stress include
lowered hematocrit and haemoglobin concentrations,
and poor body condition (Fowles et al. 1993; Wingfield
and Kitaysky 2002; Lindstrom et al. 2005).

Habitat fragmentation and stress

In the context of landscape ecology, the measurements
described above can be used to reveal stress responses
in vertebrates linked to landscape change. These
measurements can thus indicate variation in habitat
quality within areas currently occupied by a popula-
tion. Systematic spatial patterns of chronic stress may
therefore allow prediction of the likelihood of species
persistence and/or be used to guide conservation and
habitat restoration efforts. For example, if stress is
chronically elevated in populations occupying habitat
fragments below a certain size threshold, then land-
scape restoration efforts can prioritise increasing patch
areas beyond this threshold, potentially preventing the
loss of local populations from such patches. Janin et al.
(2011) and Maron et al. (unpublished data) found that
physiological state indicators, but not patterns of
occurrence, revealed aspects of landscape configura-
tion which negatively affected their focal species
(common toads Bufo bufo in France and eastern yellow
robins Eopsaltria australis in Australia, respectively)
and were thus able to provide recommendations for
restoration before local populations declined. In this
section we introduce a simple conceptual framework
outlining the major ultimate and proximate stressors
linked to habitat fragmentation, and how they may
impact on animals living in a fragmented landscape.
Understanding the chain of cause and effect which
links landscape alteration to population-level responses
is crucial for identifying effective approaches for
arresting population declines. Habitat loss (actual loss
in amount of habitat), fragmentation (breaking up of
habitat) and degradation (reduced habitat condition)
refer to different and distinct processes, but also act
concurrently and not independently of one another
(Ford et al. 2001; Fahrig 2003). These processes
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negatively affect multiple aspects of habitat quality,
and individuals exposed to such reduced habitat quality
are subject to several types of stressors (Fig. 2), which
we describe below.

Food limitation

Two of the major negative consequences of fragmen-
tation are reduced patch size and increased edge extent
(Fahrig 2003). In both cases, a significant mediator of
negative effects on animals can be reduced availability
of resources which can be an important stressor. In
particular, resources required on a daily basis, such as
food, may become limiting for individuals restricted to
a small area of habitat (Robinson 1998). Ovenbirds
(Seiurus aurocapillus) and eastern yellow robins are
sensitive to patch size because smaller habitat frag-
ments have a lower abundance of insect prey (Burke
and Nol 1998; Zanette et al. 2000). Similarly, abiotic
and biotic changes at edges can alter habitat quality,
reducing food availability. Insects may be more
susceptible to desiccation or less productive at patch
edges, creating further problems for insectivorous
birds (Wenny et al. 1993; Zanette et al. 2000).
Individuals exposed to reduced food availability over
a long period, such as confronts individuals occupying
small or poor-quality habitat patches, experience
chronically elevated stress levels and reduced body
condition. The availability of food is a factor which is
often challenging to measure in a way that reflects the
individual’s perception (Hutto 1990), and so it is also
difficult to identify patches with insufficient resources
until a local extinction or population reduction is
evident. Even then, it is hard to attribute population
changes to food limitation rather than stochastic

Fig. 2 The main drivers of
changes in habitat quality as
a result of habitat
fragmentation and the
pathways through which
they result in stressors
affecting animals (adapted
from Wingfield et al. 1998;
Ford et al. 2001)

events. Measurement of chronic stress and body
condition of individuals in potentially resource-
limited patches can, however, indicate whether
their inhabitants are normal and healthy or energy-
stressed.

Much understanding of the physiological conse-
quences of habitat fragmentation comes from research
on bird populations. Exploration of the body condition
of ovenbirds on their breeding grounds identified that
food supply is the mechanism behind their sensitivity
to fragmentation (Burke and Nol 1998). Larger
patches had higher food abundance and more suitable
nest sites away from the patch edge (Burke and Nol
1998). Ovenbird body condition on their tropical
wintering grounds has also been shown experimen-
tally to be positively associated with food availability
(Strong and Sherry 2000; Brown and Sherry 2006),
and male ovenbirds in continuous forest are in better
condition and have lower chronic stress than males in
forest fragments (Mazerolle and Hobson 2002).
Although this pattern may also emerge due to better-
quality males dominating the best habitat, the fitness
consequences of this pattern are potentially significant
as male pairing success is reduced in poor-quality sites
(Burke and Nol 1998; Mazerolle and Hobson 2002).
The basis of the Eurasian treecreeper’s (Certhia
familiaris) sensitivity to habitat loss and fragmenta-
tion also appears to be decreased food abundance
(spiders and other invertebrates) associated with lower
forest cover and habitat quality (Suorsa et al. 2003).
Suorsa et al. (2004) manipulated brood sizes of
treecreepers in nest boxes by taking one nestling from
a brood (reduced brood) and adding it to another
(enlarged brood). Nestlings in both enlarged or control
broods in smaller patches had higher H/L ratios and
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poorer body condition than nestlings in larger patches
(Suorsa et al. 2004).

Male northern spotted owls (Strix occidentalis
caurina) living in close proximity to logging roads or
areas that had been recently logged have higher levels of
fecal corticosterone than males living further away from
such disturbances (Wasser et al. 1997). Northern saw-
whet owls (Aegolius acadicus) in highly fragmented
landscapes with low forest cover have smaller home
ranges, higher levels of chronic stress as measured by
H/L ratios, lower rates of provisioning to their nestlings
and lower reproductive success (Hinam and St. Clair
2008). This lower overall success as landscape cover
decreases may be an early warning signal that this owl
population is in decline (Hinam and St. Clair 2008).

Physiological consequences of habitat loss and
fragmentation are also evident in black howler mon-
keys (Alouatta pigra), with elevated levels of fecal
cortisol (the main glucocorticosteroid in mammals) in
monkeys living in forest fragments compared to those
living in continuous forest (Martinez-Mota et al.
2007). Fragmentation of the forest reduces food
quality and availability, and a less-extensive canopy
also forces monkeys to forage on the ground, leaving
them more susceptible to predation by dogs or
disturbances by humans and presumably more stressed
(Martinez-Mota et al. 2007). Similarly, spider mon-
keys (Ateles geoffroyi yucatanensis) in fragmented
habitats have higher fecal cortisol than those in more
continuous habitats (Rangel-Negrin et al. 2009).

Exposure to inclement weather

Poor weather conditions, while not necessarily asso-
ciated with habitat condition, may also act as a
stressor. Following a significant snowfall, dark-eyed
juncos were found to have elevated levels of cortico-
sterone and increased fat deposits (Rogers et al. 1993).
The elevated corticosterone levels may have caused an
increase in foraging behaviour, accounting for the
greater fat deposits (Rogers et al. 1993), and serves as
an example of how species can enter an Emergency
Life History Stage to overcome temporary stressors
(Wingfield and Ramenofsky 1997; Wingfield et al.
1998). However, if individuals are unable to access
appropriate refugia due to habitat degradation or
pervasive edge effects, exposure to inclement weather
and weather extremes may act as persistent sources of
environmental stress.
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Increased energy demands

Living in a fragmented habitat is costly for animals
because of the increased energy demands of movements
on a daily or seasonal basis. More mobile taxa such as
birds are often able to use more than one patch of habitat
if they live in a fragmented area, but this generally
requires crossing open gaps between patches, resulting
in time lost to travel that could have been spent foraging
and provisioning nestlings (Hinsley 2000). Increased
travel distances for food may result in fewer trips, less
provisioning, and reduced nestling success (Suorsa et al.
2004; Hinam and St. Clair 2008; Hinsley et al. 2008).
Eurasian treecreepers generally forage within 200 m of
the nest, but if nests are located in small patches, parents
may need to visit other patches in order to acquire
sufficient food (Suorsa et al. 2004). Male northern saw-
whet owls in areas of low forest cover provisioned their
nestlings less as the distance to the nearest patch
increased (Hinam and St. Clair 2008). In addition,
crossing gaps between patches increases exposure to
factors such as predators, environmental extremes and
reduced food supply that may be more prevalent at patch
edges or in the matrix (Hinsley 2000). However, the
extent to which the matrix is a hazard for an individual
depends on the species and the nature of the matrix
(Kupfer et al. 2006; Fischer and Lindenmayer 2007).
Limited research has used indicators of chronic
stress to explore the costs of multiple patch use,
although one study of male spotted salamanders
(Ambystoma maculatum) living in a forest separated
from breeding ponds by a parking lot showed an
increase in corticosterone after crossing, suggesting
that this fragmentation is a stressor for the salamanders
(Newcomb Homan et al. 2003). A separate component
of the same study also showed that female salamanders
in undisturbed sites exhibited an increase in cortico-
sterone after handling, but those in disturbed sites did
not have the same increase, suggesting that individuals
in the disturbed site are already chronically stressed
and are thus unable to respond to the additional stress
from being handled (Newcomb Homan et al. 2003).

Negative interspecific interactions: loss of eggs
or young, predation threat and agonistic
interactions

Habitat fragmentation increases the amount of edge
habitat in a landscape (Fahrig 2003). An important
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consequence of increased edge habitat resulting from
fragmentation is an increase in the prevalence of
negative interspecific interactions, including nest
predation and parasitism (Chalfoun et al. 2002). Brood
parasitism by the brown-headed cowbird (Molothrus
ater) in North America and predation by pied
currawongs (Strepera graculina) in Australia are
significant causes of nest failure and are more
prevalent at habitat edges (Paton 1994; Debus 2006).
Aggressive interactions between species are also a
significant source of stress to wild vertebrates. For
example, not only do urban rufous-collared sparrows
(Zonotrichia capensis) exhibit a higher stress response
and lower body mass than their rural counterparts
because of reduced food availability in urban areas, it
has been suggested that increased interactions with
aggressive house sparrows (Passer domesticus) con-
tribute to increased acute and chronic stress in urban
sparrows (Ruiz et al. 2002). Noisy miners (Manorina
melanocephala) are often associated with fragmented,
degraded habitat in Australia, and are known to
aggressively exclude other species (Ford et al. 2001;
Maron 2007). Their presence is often associated with
the lack of other woodland bird species, and this
interspecific competition is often suggested as the
cause of declines in populations of other passerines
(Ford et al. 2001; Maron 2007). Birds persisting in or
near such areas are likely to exhibit elevated stress due
to encounters with aggressive noisy miners.

Limitations

Despite the generally negative consequences of ele-
vated chronic stress, elevated stress does not always
indicate reduced fitness. Individuals may respond to
stressors differently depending on their initial physio-
logical condition, life history stage or genetic compo-
sition (Wingfield and Kitaysky 2002). Food seasonality
and availability can induce a stress response indepen-
dent of landscape change factors. Spider monkeys
within a conserved habitat showed variations in stress
responses explained not by landscape cover but by
seasonality, with lower cortisol levels during the wet
season when food for the frugivorous primate is more
abundant (Rangel-Negrin et al. 2009).

Higher stress levels can be a consequence of higher
reproductive success because of the increased ener-
getic demands associated with reproduction. Though
male northern saw-whet owls in areas of lower forest

cover exhibited a higher stress response, males with
larger broods also exhibited higher stress levels,
presumably because of the additional costs of provi-
sioning a large brood (Hinam and St. Clair 2008).
Healthy female tree swallows (Tachycineta bicolour)
might have initially low levels of corticosterone, and
this condition promotes high reproductive effort as
evidenced by large clutch sizes (Bonier et al. 2009).
After this large clutch hatches, the female may
experience increased levels of corticosterone because
of the higher than usual demand of caring for a larger
brood of chicks (Bonier et al. 2009). This higher level
of corticosterone in the female could be misinterpreted
as being the result of landscape changes or other
stressors that reduce reproductive success, when in
fact it is the result of being so successful (Bonier et al.
2009).

Other actions and events in an individual’s life such
as territorial defence result in costs to the individual.
Although male ovenbirds in continuous forest were in
better physiological condition than those in forest
fragments, males in continuous forest had higher
energy demands because of the need to defend
territories and reproduce (Mazerolle and Hobson
2002). Therefore, to interpret correctly a finding of
elevated stress in wild vertebrates it is important to
evaluate and account for factors likely to mediate the
effect of stress on fitness, such as reproductive effort,
stage of breeding, and food seasonality and availabil-
ity (Bonier et al. 2009; Rangel-Negrin et al. 2009).

Conclusion

The ubiquity of habitat loss, fragmentation and
degradation drives the need for greater understanding
of the mechanisms by which these processes affect
fauna populations. Currently, relatively few landscape
ecologists employ physiological approaches to eval-
uate habitat quality or identify attributes of landscapes
that may act as stressors, which may lead to population
decline. Techniques in conservation physiology
(Wikelski and Cooke 2006) and macrophysiology
(Chown et al. 2004, Chown and Gaston 2008, Gaston
et al. 2009) have the potential to reveal populations on
the road to extinction before declines occur—knowl-
edge that cannot be gained from exploration of
population distribution and abundance alone. Not
only can physiology contribute to conservation
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biology and landscape ecology, but there is also
untapped potential for physiology to be integrated into
restoration ecology (Cooke and Suski 2008). The
development of ‘landscape physiology’ research will
help reveal early warning signs of populations in
trouble, and can play a major role in monitoring and
evaluating the success of habitat restoration efforts.
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