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ABSTRACT

Free-ranging wild vertebrates need to cope with natural and anthropogenic stressors that cause short and/or long-term
behavioural and physiological responses. In areas of high human disturbance, the use of glucocorticoid (GC) hormones as
biomarkers to measure stress responses is an increasingly common tool for understanding how animals cope with human
disturbance. We conducted a meta-analysis to investigate how human disturbances such as habitat conversion, habitat
degradation, and ecotourism influence baseline GC hormones of free-ranging wild vertebrates, and we further test the
role of protected areas in reducing the impact of such disturbances on these hormones. A total of 58 studies met the inclu-
sion criteria, providing 152 data points for comparing levels of GC hormones under disturbed and undisturbed condi-
tions. The overall effect size suggests that human disturbance does not cause a consistent increase in levels of GC
hormones (Hedges’ g = 0.307, 95%CI = −0.062 to 0.677). However, when the data were analysed by disturbance type,
living in unprotected areas or in areas with habitat conversion were found to increase GC hormone levels compared to
living in protected or undisturbed areas. By contrast, we found no evidence that ecotourism or habitat degradation gen-
erates a consistent increase in baseline GC hormone levels. Among taxonomic groups, mammals appearedmore sensitive
to human disturbance than birds. We advocate the use of GC hormones for inferring major human-caused contributors
to the stress levels of free-ranging wild vertebrates – although such information needs to be combined with other mea-
sures of stress and interpreted in the context of an organism’s life history, behaviour, and history of interactions with
human disturbance.
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free-ranging wild vertebrates.
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I. INTRODUCTION

Free-ranging wild vertebrates (i.e. not restrained, not feral,
not raised or tested in laboratories or cages or enclosures)
can be affected by a wide variety of ‘natural’ stressors, such
as predation risk (Boonstra et al., 1998), parasite infection
(Seguel et al., 2019; Defolie, Merkling & Fichtel, 2020), social
interactions (Goymann & Wingfield, 2004; Sapolsky, 2005),
and low food abundance (Bonier et al., 2009). To the suite
of natural stressors, modern times have added increasing
human population sizes and their diverse environmental
impacts (Hofer & East, 1998). Human-induced stressors
can take many forms, including noise, light, deforestation,
ecotourism, hunting, harvesting, and pollution (e.g. Thiel
et al., 2011; Balestri et al., 2014; Blair et al., 2016; Perez-
Ortega et al., 2021). These natural and anthropogenic
changes (stressors) can produce stress responses that manifest
as various physiological, behavioural, and psychological
changes in animals (Romero & Butler, 2007).

The immediate physiological response to an external
stressor is partly regulated by the hypothalamus–pituitary–
adrenal (HPA) axis in mammals and birds, and the
hypothalamus–pituitary–interrenal (HPI) axis in fish, rep-
tiles, and amphibians. A common response of these axes to
stress is the release of the glucocorticoid (GC) hormones cor-
tisol and corticosterone (Romero, 2004). Both hormones are
found in all vertebrate species; however, the stress response in
fish and most mammals relies primarily on cortisol, whereas
corticosterone plays this role in birds, reptiles, and amphib-
ians (Romero & Butler, 2007; Sapolsky, 2002). Under nor-
mal conditions, GC hormones circulate in low to moderate
levels and play an important role in energy regulation and
homeostasis (Tsang, Barclay & Oster, 2014); that is, the
maintenance of stability in parameters such as body temper-
ature, blood glucose levels, blood pressure, and pH
(Billman, 2020). During a stressful event, an acute stress
response is activated that increases the level of circulating
GC hormones, promoting gluconeogenesis, mobilisation of
amino acids, and inhibition of the inflammatory response.
These changes can serve to ensure a continued readiness to
respond to recurring stresses (Sapolsky, 2002). However,
these acute adaptive responses, when activated repeatedly,
will direct energy away from growth, digestion, reproduc-
tion, and immune processes, thus generating a negative phys-
iological impact typically referred to as chronic stress (Kirby
et al., 2009; Sapolsky, 2002; Boonstra et al., 2001).

Given these expected associations between human distur-
bance, stress, and GC hormones, Wikelski & Cooke (2006)
suggested that measuring GC hormone levels of wild organ-
isms could be a valuable tool to understand the physiological
responses of these organisms to their changed environment.

However, GC levels can differ depending on the species,
age, and sex of individuals (Iglesias-Carrasco et al., 2020) as
well as the type, intensity, and duration of a given distur-
bance (Busch &Hayward, 2009) –making it hard to interpret
what levels of hormones indicate chronic stress. Fortunately,
the number of studies that examine relationships between
GC hormones and human disturbance has increased dra-
matically in recent years, allowing scientists to identify pat-
terns across species and disturbance types that can inform
management decisions. For example, Dantzer et al. (2014)
performed an early meta-analysis of the effects of human dis-
turbance on GC hormone levels in free-ranging vertebrates.
From there, Messina et al. (2018) conducted a meta-analysis
to evaluate changes in GC hormones specifically in response
to forest degradation in birds and mammals. More recently,
Iglesias-Carrasco et al. (2020) conducted a meta-analysis on
the effect of urbanisation on baseline and stress-induced
GC hormone levels in wild vertebrates, and Kaisin et al.
(2021) focused a meta-analysis on the effects of human distur-
bance in GC levels of wild primates. Our meta-analysis
builds on these previous comparative analyses.
The overall conclusion of previous work is that, as long as

interpretations are conditioned by the natural history of the
organism under study, GC hormone assays can suggest stress
levels that can inform appropriate management protocols,
recovery strategies, and monitoring efforts (Coetzee &
Chown, 2016; Busch & Hayward, 2009; Wikelski &
Cooke, 2006). For example, some colonies of the African
penguin (Spheniscus demersus) tolerate human exposure much
better than others, highlighting the importance of context-
specific measured stress responses (Pichegru et al., 2016). Sim-
ilarly, Magellan penguin (Spheniscus magellanicus) chicks do not
habituate to human exposure as well as do adults (Walker,
Boersma & Wingfield, 2005), suggesting that reducing
human visitors during the reproductive season could mitigate
negative impacts. Similar uses of stress hormones to
infer – and then mitigate – human-induced stress on free-
ranging invertebrates continue to expand across taxa and dis-
turbance types (Adamo, 2012).
We conducted a meta-analysis to investigate how different

types of human disturbance, such as habitat conversion, hab-
itat degradation, and ecotourism, can affect baseline GC
hormone levels of free-ranging wild vertebrates. Importantly,
we also test for the role of protected areas in reducing the
impact of such disturbances on these hormones. We specifi-
cally addressed the following questions: (i) what types of
human disturbance cause the greatest increase in baseline
GC hormones, with disturbance types classified into three
categories: habitat conversion, habitat degradation, and eco-
tourism? (ii) To what extent do we see variation among taxa
(e.g. mammals and birds) in their responses to human
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disturbance – and can such differences be understood in light
of their relative exposure to those disturbances or by their
behaviour or life history? (iii) Do GC hormone levels differ
between animals in protected areas versus those in unpro-
tected areas? For instance, we might expect lower baseline
GC hormone levels in protected areas as a result of reduced
levels of disturbance. In answering these questions, we hope
to improve our understanding of the utility of GC hormones
in the conservation and management of animals and their
habitats.

II. METHODS

(1) Literature search and inclusion criteria

A systematic literature search was conducted on July 15, 2019,
with an update on October 1st, 2021. The search was con-
ducted using the Web of Science database to identify English-
language studies of the effect of human disturbance on the
level of GC hormones in free-ranging wild vertebrates. The
searches used all possible combinations of the following words,
present either in the title, keywords, and/or abstract: (stress
response OR cortisol OR glucocorticoid OR corticosterone)
AND (free-ranging animals OR free-living animals OR wild

population) AND (anthropogenic impact OR human impact
OR anthropogenic disturbance) AND (ecotourism OR
habitat loss OR urbanisation). The search returned 1,787
studies, for which we then manually screened the titles and
abstracts to remove duplicates and studies not relevant to
our questions, resulting in 168 papers for detailed assessment.
We also examined the cited literature to find additional
papers not revealed by the online searches. A PRISMA flow
diagram (Moher et al., 2009) detailing the number of studies
identified by the search, and the selection process is provided
in Fig. 1.

The following criteria were used to select studies for inclu-
sion in the analysis: (i) the study had to investigate free-
ranging wild vertebrates rather than domestic, laboratory,
or wild animals in captivity (e.g. cages or zoos). (ii) Stress
was not induced by the investigator due to manipulations
such as the administration of exogenous hormones, translo-
cation, restraint challenge, playbacks, controlled laboratory
conditions. (iii) The study had to report baseline GC hor-
mone measurements for both disturbed (experimental group)
and undisturbed (control group) conditions (details on these
categories are provided in Section II.2). In the original stud-
ies, baseline GC was defined as the concentration of the hor-
mones prior to its elevation in response to a stressor;
therefore, it was expected that animals under disturbed con-
ditions showing elevated baseline GC levels were
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Fig. 1. PRISMA flow diagram detailing the number of studies identified by the search, and the selection process for inclusion of
studies in our meta-analysis.
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experiencing chronic stress. (iv) For studies using blood
samples to measure baseline GC hormone levels, capture
and manipulation time of the animals had to be less
than 3 min – as recommended by Romero & Reed (2005).
For hair, faeces, saliva, or feathers, no such time limit was
imposed because GC hormone levels in these matrices
are more stable (see online supporting information,
Appendix S1). (v) The study had to report mean values and
either standard deviation (SD) or standard errors (SE) of
GC hormone levels, as well as sample sizes (N) for both dis-
turbed and undisturbed conditions. Finally, our study
employed a paired design, with disturbed and undisturbed
areas (or populations) paired by study. This is a particularly
powerful design for inferring the effects of treatment while
controlling for (some) variation among studies.

Of the 168 studies, 58 met the above criteria for inclusion
(Fig. S1, Table S1), including studies on birds (32 species),
mammals (31 species), amphibians (one species), and reptiles
(four species); and 110 studies were excluded (see online sup-
porting information, Appendix S2). As many studies
reported more than one sampling location (often with differ-
ent disturbance types) or more than one species, we obtained
152 data points from these 58 studies with which to compare
baseline levels of GC hormones in free-ranging wild verte-
brates under disturbed versus undisturbed conditions. For
each study selected, we recorded the type of disturbance, tax-
onomic group, location of the study (inside and/or outside of
a protected area), the mean baseline GC hormone value and
either the SD or SE of the mean value, and sample size from
both disturbed and undisturbed conditions. When the data
were reported for a gradient (e.g. urban-to-rural gradient),
we selected the most extreme values of the gradient for com-
parison. Additional data extracted included sex (male or
female), age group (adult or non-adult), and matrix type
(i.e. blood, faeces, feathers, hair). When the original studies
controlled for sex and/or age group and reported separate
values, we considered each of those values as a different data
point (note: our analysis controls for ‘study’ as a random
effect – see Section II.2). However, for some studies it was
not possible to determine the sex or age group of the animals
sampled because the samples were opportunistically col-
lected in the field or because the data were reported as an
average. In these studies, if differences between sex and age
groups were not specified by the authors, we assumed no sig-
nificant differences and that the reported values included all
sex and/or age groups. Additional analysis to estimate the
effect size for each of these categorical moderator variables
is provided in Fig. S1. All data were extracted from published
tables and text, or when necessary, from figures using Plot
Digitizer v1.9. All searches and assessments were conducted
by B. P.-O.

(2) Effect size calculation and statistical analysis

The data were grouped within three moderators: distur-
bance type, taxonomic group, and land protection. Distur-
bance type was divided into three categories: (i) ‘Habitat

conversion’ included urbanisation, agriculture, wind farms,
and cattle ranches. (ii) ‘Habitat degradation’ included studies
that classified the disturbance as logging, forest fragmenta-
tion, and edge effects. (iii) ‘Ecotourism’ included activities
that promote access to wildlife in their natural habitat or
the use of their habitat for recreation (e.g. hiking, snowshoe-
ing, skiing). The presence of humans in these ‘Ecotourism’
environments is higher during daylight hours and during
some periods of the year than others (e.g. summer versus win-
ter). Taxonomic group included four taxa: birds, mammals,
amphibians, and reptiles. Land protection was divided into
three habitat contrasts depending on where the study was
performed: (i) ‘Outside versus inside protected area’ was used
when the experimental group (disturbed condition) was sam-
pled in unprotected areas whereas the control group (undis-
turbed condition) was sampled inside protected areas. (ii)
‘High versus low disturbance inside protected area’ was used
when both samples (experimental and control) were collected
within protected areas but in sub-areas characterised by dif-
ferent levels of human disturbance. (iii) ‘High versus low dis-
turbance outside protected area’ was used when both
samples (experimental and control) were collected in unpro-
tected areas, but in sub-areas characterised by different levels
of human disturbance. Protected areas were natural areas
legally protected by the government under any category
(e.g. national parks, natural monuments, reserves) or were
private nature reserves.
In the studies included in our meta-analysis, GC hormones

were extracted from a variety of different sample matrices
(blood, feathers, hair, or faeces), with the most common
measurement methods being enzyme-immunoassay (EIA),
radio-immunoassay (RIA), and liquid chromatography with
tandem mass spectrometry (LC-MS/MS). Our explicitly
paired design could account for this among-study variation.
Standardised mean difference Hedges’ g, multiplied by a
small sample bias correction factor (Hedges & Olkin, 1985),
was used to calculate the effect size for each pair according
to the equation:

Hedges0g=
M 1−M 2

SDpooled
× 1−

3
4N −9

� �

where M1 – M2 = difference in means, SDpooled = pooled
and weighted standard deviation, and N = total sample size
of the study. For our study, M1 was the mean GC value for
the experimental (disturbed condition) group and M2 was
the mean GC value for the control (undisturbed condition)
group. A positive effect size (experiment > control) suggests
that anthropogenic disturbance increases GC levels, whereas
negative values (experiment < control) suggest the opposite.
All four taxa (including all sexes and age groups) were

included for the estimation of the meta-analytic mean and for
the estimation of the effect size according to each level of the dis-
turbance category and land protection moderators. Amphib-
ians and reptiles were excluded from the taxonomic group
analyses because the number of case studies involved four spe-
cies or fewer. Calculation of the effect size and subsequent
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analyses were conducted in R v.4.0.3 (RCore Team, 2020) and
RStudio v.1.2.5042 (R Studio Team, 2020) using the rma.mv

function in the metafor package v.2.4.0 (Viechtbauer, 2010).
See online supporting information Appendix S3 for extracted
data and Appendix S4 for R code.

Because multiple treatments sometimes were compared to
the same control group (some studies contributed more than
one effect size to the analysis) and due to the phylogenetic
relatedness of species, the sampling variances were non-
independent (i.e. the correlation between sampling variances
>0) (Gleser & Olkin, 2009; Nakagawa & Santos, 2012).
To account for this non-independence, we conducted a
sensitivity analysis that assumes a correlation between
sampling variances of repeatedly measured individuals, using
a within-study covariance matrix, assuming a correlation
coefficient of r = 0.5 (Wei & Higgins, 2013).

We started with an intercept-only meta-regression model
using maximum likelihood (ML) to select the structure of
the random effects. Three random effects were chosen to
construct the models: study ID, species, and observation
ID. After model selection using the Akaike Information Cri-
terion (AIC) and variance components (σ2), study ID and
observation ID were retained as random effects (Table S2).
We then estimated the meta-analytic mean (i.e. all data
points) using an intercept-only meta-regression model with
the two random effects retained in the previous model, and
using restricted maximum likelihood (REML). Finally, we
ran univariate meta-regression models (i.e. one moderator
at a time) to estimate how much of the variation in GC hor-
mone levels could be explained by each categorical modera-
tor variable (disturbance type, taxonomic group, and land
protection category). Finally, we used multivariate models
to test the effect of disturbance type and land protection
within each taxonomic group (mammals and birds only).
We did not use a phylogenetic correction for three reasons.
First, ‘taxa’ was a moderator that we were interested in
exploring, and that implicitly includes (some) phylogenetic
information. Second, we are interested in the effects on
the subset of species and populations that are commonly
studied using these methods. Thus, if particular groups
(e.g. primates) are over-represented, we do not necessarily
want to correct for that over-representation, beyond consid-
ering ‘taxa’ as a moderator. Third, recent assessments sug-
gest that correction for phylogeny has little or no influence
on conclusions (Foo et al., 2017; Defolie et al., 2020;
Dougherty, 2020; Iglesias-Carrasco et al., 2020).

(3) Publication bias and heterogeneity

A contour-enhanced funnel plot (Peters et al., 2008) plot-
ting the effect size against the inverse standard error
(Sterne & Egger, 2001), and an Egger’s regression test
(Egger et al., 1997), were used to identify and assess publica-
tion bias in the meta-analysis (Rothstein, Sutton &
Borenstein, 2005; Nakagawa et al., 2017). A funnel plot will
appear asymmetrical when publication bias is present. To
improve the interpretation of the funnel plot, Peters et al.

(2008) suggested adding a contour of statistical significance
(i.e. P < 0.05 or 0.01). If studies appear to be missing in
the area of low statistical significance, then it is possible
that the asymmetry is due to publication bias, whereas
if studies appear to be missing in the area of high
statistical significance, then the asymmetry is assumed to
be due to other factors such as heterogeneity, study size,
and study quality (Peters et al., 2008). The Egger’s test
systematically examines asymmetry of the funnel plot
(Egger et al., 1997), which is commonly visually inferred
(e.g. Villar et al., 1997). As an indicator of heterogeneity,
we used the Q statistic (Hedges & Olkin, 1985), which
follows a chi-squared distribution with (k − 1) degrees of
freedom (where k = number of studies), and a P < 0.05.
To assess heterogeneity, we calculated the I2 index, which
measures the percentage of variation not attributable to
sampling error variance (Higgins & Thompson, 2002).

III. RESULTS

More than half (62.1%) of the 58 studies we analysed reported
an increase in the baseline level of GC hormones due to some
form of human disturbance. Figure 2 shows selected examples
for three species of birds (Fig. 2A) and three species ofmammal
(Fig. 2B) to represent the variation of results from the original
studies. Our meta-analysis revealed that, relative to undis-
turbed habitats, GC hormone levels were higher in habitats
disturbed by habitat conversion, were higher outside than
inside protected areas, and were higher for mammals in dis-
turbed relative to undisturbed habitats (Fig. 3; Table 1). No
other significant effects were found, although moderate effect
sizes combined with limited study size suggest that additional
significant effects may emerge after more studies are con-
ducted. Below, we draw attention to several trends that war-
rant attention in future work.

The meta-analytic mean effect size (i.e. all data points)
(0.307, 95%CI = −0.062 to 0.677), suggests that human dis-
turbance tends to increase the levels of GC hormones,
although this did not reach statistical significance, potentially
due to large heterogeneity among studies (Table 1) examin-
ing different species and types of disturbance. Themoderator
disturbance categories ranked in order of estimated effect
sizes were habitat conversion (0.653, 95% CI = 0.092 to
1.215), followed by ecotourism, then habitat degradation,
although the effect size was significant only for habitat con-
version (Fig. 3; Table 1). The positive effect size estimate
for habitat conversion and perhaps for ecotourism suggests
that human disturbances result in increased baseline levels
of GC hormones. Mammals (0.562, 95% CI = 0.049 to
1.075) showed a significantly positive effect size, unlike birds
(Fig. 3; Table 1). Finally, across all land protection categories,
GC hormone levels were significantly higher outside pro-
tected areas than within them (1.200, 95% CI = 0.400 to
1.999). For the other land protection categories, effect sizes
were not significant (Fig. 3; Table 1).
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We also tested for different effects of the disturbance and
land protection categories within mammals and birds; too
few species were available for amphibians (N = 1) and rep-
tiles (N = 4). For mammals, disturbance categories ranked
in order of effect size were habitat conversion (0.990, 95%
CI = 0.297, 1.682), followed by ecotourism and habitat deg-
radation, although effect sizes in the latter two were not sig-
nificant (Fig. 4A; Table 2). In the case of birds, none of the
effects were significant, although effect sizes were greatest
for habitat conversion and ecotourism and were in the oppo-
site direction for habitat degradation (Fig. 4B; Table 2).
Mammals outside protected areas showed increased GC hor-
mone levels compared to those inside protected areas (1.350,
95% CI = 0.489 to 2.210) (Fig. 4A; Table 2); with a similar,
borderline non-significant, trend for birds (0.970, 95%
CI = −0.058 to 1.997). There were no significant effects for
birds or mammals inhabiting areas of high human distur-
bance compared with areas of low human disturbance, either
inside or outside protected areas (Fig. 4; Table 2).

Overall heterogeneity (I2) was 96.9% (Table 1). High het-
erogeneity values are commonly found in ecology and evolu-
tionary studies (Senior et al., 2016). Visual inspection of the
contour-enhanced funnel plot (Fig. S2) indicated minimal,
or no publication bias based on the statistical significance of

the study. An Egger’s regression test provided no evidence
of funnel plot asymmetry (z = 1.338, P = 0.183).

IV. DISCUSSION

In their meta-analysis, Dantzer et al. (2014) found that human
disturbances were associated with increased levels of GC hor-
mones in free-ranging vertebrates (0.32, 95% CI = 0.26 to
0.38). We identified the same trend, but our mean effect size
did not reach statistical significance. Our study differs from
that of Dantzer et al. (2014) in our inclusion of non-adults
(i.e. juveniles), our inclusion of 40 more recent studies, and
our analysis of different types of protected areas. These dif-
ferences in our data set added heterogeneity that can be used
to explore factors that modify the effects of disturbance on
GC hormones.

(1) Effects of human disturbance type

Among the three disturbance categories in our meta-analysis,
habitat conversion was the most important, showing a posi-
tive and significant effect size. Baseline GC hormone levels
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were higher for animals in environments with intensive
human land use than they were for animals in undisturbed
environments (Fig. 3). Human land use is responsible for
transformation of the Earth’s surface through activities such
as urbanisation, agriculture, and cattle ranching (Hooke &
Martín-Duque, 2012). Such activities are often associated
with reduced-quality habitat (Kija et al., 2020; Wang
et al., 1997), changes in home ranges, and decreases in
food availability and shelter (Foley, 2005). The increase in
baseline levels of GC hormones that our meta-analysis
revealed suggests that there are substantial energy costs for
organisms coping with such environments (McEwen &
Wingfield, 2003), which could negatively impact important
physiological conditions such as foraging, resting, and mat-
ing. For example, during hunting weekends, the little bustard
(Tetrax tetrax) spent more time being vigilant and flying and
showed higher GC hormone levels, whereas during the after-
noon before hunting weekends and the morning after those
weekends (i.e. in the absence of hunting activity), the level
of GC hormones was lower and the animals spent more time
foraging (Tarjuelo et al., 2015), illustrating that a shift in

energy budget can occur under stress as a response to human
activity.

Human land use is a main driver of habitat degradation,
which has been associated with major population declines
(Bender, Contreras & Fahrig, 1998). Surprisingly, then, our
meta-analysis did not find a significant effect for baseline
GC levels in animals exposed to habitat degradation
(Fig. 3). There may be several reasons for this lack of a signif-
icant effect. First, different species respond to habitat degra-
dation differently as a result of variation in habitat
specialisation, trophic level, and vagility (Ewers &
Didham, 2006). Further, some species can adjust to living
in fragmented habitats by increasing their home range to
compensate (e.g. Wegge & Rolstad, 1986) or because they
can tolerate modest losses of home range (e.g. Forsman,
Meslow & Wight, 1984), especially if the remaining frag-
ments still have good resource availability (Doherty, Fist &
Driscoll, 2019). Additional work will be necessary to disen-
tangle these and other possibilities.

We were also interested in whether ecotourism affected
baseline levels of GC hormones in free-ranging vertebrates.

Fig. 3. Forest plot reporting the mean effect sizes (Hedges’ g) and their 95% confidence intervals (CI) for changes in baseline
glucocorticoid (GC) hormone levels of free-ranging wild vertebrates in disturbed versus undisturbed conditions. Estimates were
obtained using random effect meta-regression models. The mean effect sizes are given for each level of the three categorical
moderator variables. For taxonomic group, we excluded amphibians and reptiles due to the low number of species (N = 1 and
4, respectively) representing each group. The meta-analytic mean (i.e. all data points) is also shown. The dotted vertical line
represents no effect. Positive values indicate higher GC levels in disturbed relative to undisturbed conditions whereas negative
values indicate the reverse. The effect size is considered significant when CI do not overlap 0. Sample size (N) is given inside the
box beside each category.
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Most protected areas include ecotourism as a conservation
strategy (Stronza, Hunt & Fitzgerald, 2019), yet such activi-
ties might be problematic if resident animals perceive
humans as a threat (Frid & Dill, 2002). Our meta-analysis
suggests, however, that ecotourism does not generally
increase stress levels. One possible explanation is that

animals can retreat to refuges (Foltz et al., 2015). For
example, four species of birds studied in urban parks with dif-
ferent levels of human disturbance and vegetation cover
showed increased tolerance to humans in parks with greater
vegetation cover and tree height (Fern�andez-Juricic,
Jimenez & Lucas, 2001). Thus, even when animals are
stressed by the presence of humans, this effect might be ame-
liorated by a safe place that offers good opportunities to
escape from the disturbance. Further, the restricted period
of ecotourism activities (i.e. certain times of day or days of
the week) in many cases probably allows animals to recover
during periods when humans are not present. Finally, eco-
tourism often focuses on habituated animals, which no longer
experience human-exposure related stress, as a result of
extended periods of conditioning (Shutt et al., 2014). Thus,
ecotourism might only be stressful in situations where habit-
uation is incomplete or absent.

(2) Variation among taxa in their responses to
human disturbance

Our meta-analysis suggests that mammals might be more
sensitive than birds in terms of stress responses associated
with human disturbance (Fig. 3). One explanation for this
difference could be associated with the social nature of the
species included in the meta-analysis. In particular, 47% of
the species in our study were mammals that live in groups.
Group-living animals – as is the case for most mammals
(Prox & Farine, 2020) – tend to have higher baseline levels
of glucocorticoids due to the constant social interactions
resulting from competition and reproduction (Goymann &

Table 1. Summary of the mean effect sizes (ES), with the lower
(lb) and upper (ub) bounds of the 95% confidence interval (CI).
Estimates were obtained using univariate random effect meta-
regression models for each categorical moderator variable, and
for the meta-analytic mean including all studies.

ES CI.lb CI.ub

Disturbance category
Habitat conversion 0.653 0.092 1.215
Ecotourism 0.356 −0.226 0.938
Habitat degradation −0.091 −0.675 0.494

Heterogeneity: I2 = 97%
Taxonomic group

Mammal 0.562 0.049 1.075
Bird 0.048 −0.584 0.680

Heterogeneity: I2 = 97.1%
Land protection contrast

Outside versus inside PA 1.200 0.400 1.999
High versus low dist. inside PA 0.262 −0.285 0.810
High versus low dist. outside PA −0.095 −0.719 0.530

Heterogeneity: I2 = 96.9%
Meta-analytic mean 0.307 −0.062 0.677
Heterogeneity: I2 = 96.9%

dist., disturbance; PA, protected area.
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Fig. 4. Forest plot reporting the mean effect sizes (Hedges’ g) and their 95% confidence intervals (CI) for changes in glucocorticoid
(GC) levels in response to disturbance category and land protection contrast in (A) mammals, and (B) birds. Estimates were obtained
using multivariate random effect meta-regression models. We excluded amphibians and reptiles due to the low number of species for
which data were available (N = 1 and 4, respectively. Other details are as in Fig. 3.
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Wingfield, 2004). Hence, these animals might show more
scope for those hormones to change in response to human
disturbances to their habitats and perhaps to their social
interactions (Shutt et al., 2014). For example, in a capture
and restrain experiment of female golden-mantled ground
squirrels (Spermophilus saturatus), individuals showed higher
baseline GC hormone levels during the breeding season than
before hibernation; but, in both cases, GC levels were higher
30 min after capture (Romero et al., 2008). These results sug-
gest that having a higher baseline concentration of GC hor-
mones does not always limit the capacity of an animal to
respond to stress when additional disturbances are present.
Among mammals, primates represented 50% of the species
in our meta-analysis. Primates, as well as many other large
mammals, might be subject to higher disturbance because
of poaching (even in protected areas) or through other inter-
actions outside protected areas (e.g. crop raiding; Carlitz
et al., 2016). More data are needed for both primates and
non-primates if we are to parse these various influences more
precisely.

Animals that are exposed to human disturbance on a daily
basis are thought to habituate by increasing their tolerance
to environmental changes and human presence. This topic
has been widely discussed, especially for birds inhabiting
urban versus rural areas. In particular, birds living in urban
areas have a higher degree of tolerance to human disturbance
than birds living in rural areas (Bonier, Martin &
Wingfield, 2007a; Samia et al., 2015; Tryjanowski
et al., 2020; Gotanda, 2020). Interestingly, some species in
urban areas have higher levels of GC hormones (Bonier
et al., 2007a; Strasser & Heath, 2013; Zhang et al., 2011), sug-
gesting that some species or populations may be better
adapted physiologically to tolerating higher levels of GC hor-
mones, or that some individuals in these environments are not
habituated and therefore have higher GC hormone levels.

Habituation does not necessarily mean that an animal is
no longer stressed. For example, the behaviour of animals

can appear unaltered despite having an elevated heart rate
(Coetzee & Chown, 2016; Ellenberg et al., 2006). Such cryp-
tic effects show why it is important to measure levels of GC
hormones and other indicators in combination to infer stress
levels in free-ranging wild vertebrates. Yet GC hormones are
not a panacea because they can be influenced by capture,
handling, and sampling, because sampling times might not
match peak hormone levels, and because animals might
experience other types of costs (e.g. avoiding areas with
human activity) that are not reflected by their GC hormone
levels. In such cases, GC hormones might not suggest chronic
stress, but the animal might still be affected by human
disturbance.

Another factor potentially causing variation among ani-
mals in how GC hormones are influenced by human distur-
bance is the precise nature of the interaction with humans.
For example, Carlitz et al. (2016) found that chimpanzees
(Pan troglodytes) living in a fragmented forest had higher GC
hormone levels than those living in continuous forest. The
same study, however, also reported lower GC hormone levels
in a group living in an area with illegal logging, which is one
of the main causes of forest fragmentation. At both sites
humans were present; however, the nature of the interaction
with the animals was different. In the fragmented forest, the
chimpanzees were harassed by local villagers, whereas such
harassment was not reported in the area with logging
(Carlitz et al., 2016). This example raises some hope that reg-
ulation of aspects of human behaviour could reduce the
impacts of environmental disturbance.

(3) The role of protected areas

Protected areas play an important role in the conservation of
biodiversity by providing habitat and protection from human
disturbance (Dosso et al., 2012; Naughton-Treves, Holland &
Brandon, 2005). Animals living in such areas would be
expected to have lower baseline levels of GC hormones, as

Table 2. Summary of the mean effect size (ES), with the lower (lb) and upper (ub) bounds of the 95% confidence interval (CI).
Estimates were obtained using a multivariate random effect meta-regression model with two categorical moderator variables:
disturbance category and land protection, to investigate the effects of the disturbance and land protection categories within mammals
and birds separately.

Mammal Bird

ES CI.lb CI.ub ES CI.lb CI.ub

Disturbance category
Habitat conversion 0.990 0.297 1.682 0.443 −0.334 1.221
Ecotourism 0.603 −0.094 1.300 0.056 −0.765 0.878
Habitat degradation 0.136 −0.566 0.838 −0.410 −1.211 0.390

Heterogeneity: I2 = 97.3%
Land protection contrast

Outside versus inside PA 1.350 0.498 2.210 0.970 −0.058 1.997
High versus low dist. inside PA 0.423 −0.244 1.090 0.042 −0.736 0.821
High versus low dist. outside PA 0.101 −0.730 0.932 −0.279 −1.128 0.570

Heterogeneity: I2 = 97.2%

dist., disturbance; PA, protected area.
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was confirmed by our analyses (Fig. 3). Moreover, a signifi-
cant effect was found for the inside versus outside protected
areas comparison, unlike some types of disturbance
(e.g. habitat degradation). This highlights the important role
of protected areas per se (as opposed to just a reduction in dis-
turbance) in reducing stress for animals. However, even
within protected areas, differences in GC hormone levels
can occur between areas with different levels of human dis-
turbance (low versus high). For example, the Magellan pen-
guin (Fowler, 1999) and the European pine marten (Martes

martes) (Barja et al., 2007) show increased GC hormone levels
in areas with high tourism compared with low tourism. Thus,
not only are protected areas important for reducing stress but
so is the limitation of disturbance within those protected
areas.

V. CONCLUSIONS

(1) A wide range of species from different taxonomic groups
respond to human disturbance by increasing their levels of
GC hormones, yet the magnitude and direction of the effect
depend not only on the type of disturbance but also on its
duration and intensity. More studies – particularly of non-
primates – are necessary before we can obtain a clear picture
of their effects, although we found a significant effect for hab-
itat conversion.
(2) Human disturbances will be perceived as a threat by
many animals; yet the way that different animals respond will
depend on various species-level (e.g. sociality) or population-
level (e.g. past exposure) differences, as well as the individual-
level perception of threat or harm. Our study revealed high
heterogeneity in GC responses to human disturbance, even
within a given combination of moderators.
(3) Our meta-analysis supports the expectation that animals
in protected areas show lower levels of GC hormones, which
we can translate into a reduction in the stress they experi-
ence. However, it also underlines the importance of limiting
human disturbances even within protected areas.
(4) The high levels of heterogeneity identified by our meta-
analysis imply that management decisions that regulate land
use, human activity, or human behaviour could be used to
mitigate stress in free-ranging vertebrates.
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