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Abstract Livestock grazing is a key factor in many grassland
ecosystems and can substantially influence the conservation
of grassland species. The Crau steppe in southern France is a
protected area that is traditionally grazed by sheep. The
Critically Endangered Crau plain grasshopper Prionotropis
rhodanica is endemic to the area and a flagship for the con-
servation of this unique ecosystem. Its population has de-
clined significantly during the last  decades, but the
reasons remain poorly understood. One potential factor is
an altered habitat structure caused by changes in the grazing
regime. We examined the microhabitat preferences of the
species and compared the habitat structure of populated
sites with those where the species is now extinct (former
habitat). We found that populated sites had denser and
higher vegetation, whereas former habitat had higher
cover of stones and bare ground. Vegetation structure in
the habitat of the smallest subpopulation was similar to
areas of former habitat, suggesting a marginal habitat qual-
ity. Our results show that P. rhodanica requires –%
vegetation cover and suggest that grazing has contributed
considerably to the population decline, but it remains un-
clear whether this is a direct effect of habitat degradation
or an indirect effect by attracting predators associated
with grazing activities. We recommend careful management
of grazing to improve habitat quality, which would also
benefit other invertebrates and insectivores. Continued
monitoring is required to conserve habitat specialists in pro-
tected areas.
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Introduction

Livestock grazing has a long tradition in grassland eco-
systems (Poschlod, ) and traditional, low-intensity

grazing plays a key role in biodiversity conservation
(Metera et al., ), but it can be difficult to achieve the
right balance between conservation and socio-economic re-
quirements (WallisDeVries, ). There are numerous
ways of manipulating grazing intensity and patterns, such
as through the choice of livestock species, stocking rate
and rotational grazing, and scientific studies (Bermejo
et al., ) are essential for understanding the processes af-
fecting grazing systems, developing suitable monitoring
methods, and implementing sustainable grazing manage-
ment in protected areas (Christensen et al., ). Many
protected areas, however, are not subject to scientific mon-
itoring. In the Crau steppe in southern France, which is
traditionally grazed by sheep (Badan et al., ), neither
the past nor the recent dynamics of pastoralism have been
documented in detail, even though the Provence region is
the second most important for livestock production in the
country (, sheep; FranceAgriMer, ). Although
habitat destruction and fragmentation are the main threats
to biodiversity in the Crau steppe, lack of knowledge regard-
ing the history of grazing contributes to the risk of inappro-
priate management of this unique ecosystem.

The Crau plain grasshopper Prionotropis rhodanica is a
large (females mm, males  mm body length) grasshop-
per species that is endemic to the Crau steppe and has be-
come a flagship for conservation in this area. It is a habitat
specialist adapted to the unique vegetation type Coussouls, a
plant community characterized by Asphodelus fistulosus,
Brachypodium retusum, Stipa capillata, Thymus vulgaris
and Asphodelus ayardii (Tatin et al., b). The Crau
plain grasshopper is protected in France and categorized as
Critically Endangered on the IUCN Red List (Hochkirch &
Tatin, ). It was formerly widely distributed in the Crau
steppe, but has lost large parts of its habitat as a result of
conversion into industrial areas or farmland (Foucart &

LINDA BRÖDER (Corresponding Author), ANJA DANIELCZAK, TOBIAS SEIBEL and
AXEL HOCHKIRCH* Department of Biogeography, Trier University,
Universitätsring 15, 54286 Trier, Germany. E-mail linda.broeder@mailbox.org

LAURENT TATIN* Conservatoire d’espaces naturels de Provence-Alpes-Côte
d’Azur, Saint Martin de Crau, France

*Also at: IUCN SSC Grasshopper Specialist Group, Trier, Germany

Received  September . Revision requested  November .
Accepted  January . First published online  October .

Oryx, 2019, 53(2), 239–246 © 2018 Fauna & Flora International doi:10.1017/S0030605318000170

https://doi.org/10.1017/S0030605318000170 Published online by Cambridge University Press

Https://doi.org/10.1017/S0030605318000170
Https://doi.org/10.1017/S0030605318000170
mailto:linda.broeder@mailbox.org
https://doi.org/10.1017/S0030605318000170


Lecoq, ). In the early s the species was still distrib-
uted throughout the Réserve naturelle nationale des
Coussouls de Crau (Hochkirch et al., ), but has declined
dramatically since then, without any obvious changes of the
habitat. Only three separated subpopulations currently re-
main, exposing the species to a high risk of extinction.
A strategic conservation plan was developed in 

(Hochkirch et al., ), including research objectives, con-
servation management (in situ management and ex situ
breeding) and awareness raising. One major goal is to iden-
tify the threats that have led to the recent population decline.
Because many grasshoppers require a specific vegetation
structure (Sänger, ) it has been hypothesized that struc-
tural vegetation changes may have led to habitat deterio-
ration. Vegetation that is too high and too dense could
hinder the locomotion of P. rhodanica, reduce availability
of oviposition sites and be detrimental for egg development
because of cooler microclimatic conditions, whereas vegeta-
tion that is too low or too sparse may facilitate predation and
increase the risk of desiccation for eggs.

Sheep grazing could be linked to the population decline
because it affects vegetation structure. Given that the history
and dynamics of pastoralism have not been documented in
detail, it is difficult to reconstruct temporal or spatial
changes of grazing intensity and the associated impact on
the habitat. We therefore tested the hypothesis that changes
of the microhabitat structure caused the local extinction of
P. rhodanica by () determining the microhabitat prefer-
ences of the species and () examining structural differences
between populated sites and those where the species is now
extinct (former habitat).

Study area

The  km Crau plain, located between Marseille, Mont-
pellier and Avignon, has its origin as the ancient delta of
the river Durance and is characterized by a short herbaceous
plant cover and patches of bare ground and stones (Colomb
& Roux, ). Sheep grazing has a long tradition in the
Crau (Badan et al., ), with currently c. , sheep
grazing from February or March until mid to late June.
Most grazed areas are nationally protected as part of the
Réserve naturelle nationale des Coussouls de Crau (Fig. ).
Pastoral agriculture in the Crau is organized in  pasture
zones, managed by shepherds without any restrictions
imposed by the Reserve, leading to varying grazing pressure
within the area.

The three remaining populations of P. rhodanica are re-
ferred to by the names of their locations (pasture zone or
owner): Peau de Meau, Calissane and BMW (Bayerische
Motoren Werke; see below). The  ha Peau de Meau pas-
ture zone has the highest mean grazing intensity of the three
sites: measured by the number of sheep in the area

multiplied by the seasonal number of grazing days and ex-
pressed per ha, Peau de Meau had  sheep-days/ha. From
the s to the early s parts of this pasture zone were
cultivated as cropland. Peau de Meau is the only population
remaining in the centre of the Crau and is located within the
Reserve. It is probably a remnant of a formerly large popu-
lation, but is now restricted to an area of c.  ha, with a
low population size (LB, LT, AH, A. Schuld & A. Besnard,
unpubl. data). In spring  and , when nymphs and
adult Crau plain grasshoppers were present (mid April–
early July), the populated area of the Peau de Meau zone
was fenced to exclude it from grazing and avoid predation
by cattle egrets Bubulcus ibis, which often accompany
sheep flocks and are a potential threat to the species
(Hochkirch et al., ). The  ha Calissane zone har-
bours the largest remaining population and lies mainly
within the Reserve, with the exception of  ha owned by
the French Military. Grazing pressure is low in this area
(mean =  sheep-days/ha). The BMW site is owned by
Bayerische Motoren Werke AG and surrounded by a high
wall. The remaining Coussouls habitat is extremely limited
and the two BMW subpopulations are found inside auto-
mobile proving grounds. Because of access limitations, we
used only one of them as a study site ( ha). This area
had not been grazed for – years, but grazing was reintro-
duced in winter / to improve habitat conditions.

To test if changes in habitat structure could be respon-
sible for the disappearance of the species in large parts of
its former range, we compared the habitat conditions of
the populated sites with three sites where the species went
extinct during the last decade (indicated by the prefix EX).
These former habitats are in the central part of the Crau
where the grasshopper had previously been recorded
(Hochkirch et al., ), including a part of Peau de Meau
(EX-Peau de Meau), Grosse du Levant (EX-Grosse du
Levant) and Couloubris (EX-Couloubris). The population
in the latter area went extinct recently, with the species hav-
ing last been recorded there in .

Methods

Data collection

We applied themethod proposed by Gröning et al. () to
test for microhabitat preferences of the grasshopper.
Fieldwork was carried out during the adult phase of the spe-
cies and each population was tested within one season
(Calissane:  June– July ; Peau de Meau:  June–
July ; BMW:  June– July ). We recorded data
within circular sample patches with a diameter of  cm
around each grasshopper we detected. For each individual
we recorded date, time, sex, substrate on which the insect
perched (stones, bare ground, green vegetation or dry
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vegetation/leaf litter) and the temperature of the substrate,
measured with an infrared thermometer PeakTech 

(PeakTech, Ahrensburg, Germany). We measured the
mean and maximum height of the vegetation surrounding
the insect and estimated the cover of each substrate type
in % steps. We recorded the position of each grasshopper
with a differential GPS and marked each specimen with a
permanent paint marker to ensure that each individual
was sampled only once. To test if the grasshopper actively
chose a particular microhabitat within the available habitat
structure we recorded the same parameters in a control
patch for each individual. The control location was at a dis-
tance of  m from the recorded individual, in a random di-
rection (which was chosen by the current position of the
second hand of the observer’s wristwatch). The distance
was chosen to ensure that the control represented the
same general habitat type and was accessible by the individ-
ual (but not chosen as a microhabitat). For Peau de Meau
the control sampling was adjusted because the area was
very small, which increases the risk of pseudo-replication
and spatial autocorrelation. Therefore, the positions of 
sample sites were defined in advance by generating random
points with a minimum allowed distance of  m in ArcGIS
. (Esri, Redlands, USA).

We amended our data collection procedure between the
years based on previous results. During the first study year
() we recorded data within a circle with a diameter of
 cm. However, a first analysis of the data generated no sig-
nificant results. We concluded that this scale could be too
large to detect small-scale heterogeneity, and adjusted the
diameter of the circle to  cm in the following years.
Although this does not change the mean values measured,

it may affect variance. In , the substrate categories green
vegetation and dry vegetation/leaf litter were merged into a
single parameter, vegetation. All data were recorded using
CyberTracker . (Liebenberg et al., ). To compare po-
pulated sites and former habitat, we recorded the same habitat
parameters as for themicrohabitat preferences at  positions,
which were randomly generated with ArcGIS, for each cur-
rently populated and former habitat site.We carried out field-
work during May– July , with  points sampled per
site each week.

Analysis

We used one-way ANOVAs to compare the microhabitat
variables of males and females. Data were Box-Cox-
transformed if necessary using Venables and Ripley’s MASS
library forR (Venables&Ripley, ) to fit them to themod-
els’ assumptions by identifying the optimal exponent λ.
Because therewere no intersexual differences, we subsequent-
ly analysed the data as a single data set. For the Calissane and
BMW populations, microhabitat variables were compared to
the respective control samples with paired t tests. We carried
out one-way ANOVAs for the Peau de Meau population,
where control samples were obtained by different methods
and were not paired. We used one-way ANOVAs to compare
themicrohabitat data between the three populations and ana-
lysed intersexual differences in utilized substrate type with χ

tests. We also used χ tests for comparing the occupied sub-
strate with its relative frequency in the habitat or the control.

Comparisons between the populated sites (BMW,
Calissane, Peau de Meau) and former habitats (EX-Peau

FIG. 1 Map showing the
traditional pasture zones of the
Crau steppe, the Réserve naturelle
nationale Coussouls de Crau, the
location of the three remaining
populations (Calissane, BMW and
Peau de Meau) and the former
habitats (EX-Grosse du Levant,
EX-Couloubris and EX-Peau de
Meau).
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de Meau, EX-Grosse du Levant, EX-Couloubris) were made
with two-level nested ANOVAs, with three sites nested in
each group. Hence, we tested whether the mean values of
the variables differed between the two groups (populated
vs former sites) and between the sites within each group.
A Tukey test was used post-hoc for identifying differences
between the sites by multiple comparisons. A principal
component analysis (PCA) was performed in the vegan
.– package for R (Oksanen et al., ) to illustrate poten-
tial intercorrelations of habitat variables. Because of the dif-
ferent units of the variables (% cover, cm and °C,
respectively) the factors were scaled by their proportional ei-
genvalues. We then applied the function env.fit (environ-
mental fitting) to test for significant correlations of the
study sites with the PCA axes using , permutations.
All statistical analyses were carried out in R ..
(R Development Core Team, ).

Results

Microhabitat preferences

We obtained microhabitat data for  individuals (
female,  male) from Calissane,  from Peau de Meau
( female,  male) and  from BMW ( female, 
male), and found no significant intersexual differences
(Supplementary Table ). Microhabitat variables did not dif-
fer significantly between the insects’ position and the con-
trol samples at Calissane and BMW (Supplementary
Table ), but at Peau de Meau stone cover (.%) was sig-
nificantly greater and vegetation cover (.%) significantly
lower at the P. rhodanica locations than at the controls
(Table , Fig. ). Microhabitats differed significantly between
Calissane, Peau de Meau and BMW in all variables except
substrate temperature (Table , Supplementary Fig. ).
Grasshoppers at Calissane and Peau de Meau were found
significantly more often on stones and bare ground, whereas
at BMW they were more often found perching on vegetation
(Table , Fig. ).

Comparison of populated and former habitats

Populated and former habitats differed in all habitat vari-
ables except dry vegetation cover and substrate temperature,
and all variables differed significantly between sites within
the two groups (Table ). All former habitats and the Peau
de Meau site had a relatively high mean stone cover
(–%, Fig. ). By contrast, stone cover at BMW and
Calissane was lower ( and %, respectively) and did not
differ significantly between these two sites (Supplementary
Table ). The EX-Peau de Meau site had the highest bare
ground cover and differed significantly from Peau de
Meau and BMW. BMW had a significantly higher

vegetation cover (including green and dry vegetation) than
all other sites, whereas EX-Peau de Meau had a significantly
lower cover of green vegetation than all other sites, except
EX-Grosse du Levant. The maximum and mean vegetation

TABLE 1 Results of ANOVAs to test for differences in microhabitat
variables between the location of the insect and the control for the
population Peau de Meau and between the three populations
Calissane, Peau de Meau and BMW (Fig. ).

Peau de Meau
(insect location
vs control)

Populations
(comparison of sites)

λ1 F1,80 P λ F2,250 P

Stones 1 6.94 0.010 0.65 49.88 , 0.001
Bare ground 0.58 0.18 0.674 0.44 19.94 , 0.001
Vegetation 0.42 5.27 0.024 1.15 69.33 , 0.001
Maximum vege-
tation height

0.16 0.25 0.620 0.44 159.10 , 0.001

Substrate
temperature

0.08 0.39 0.532 0.61 1.252 0.29

Transformation exponent.
 residual degrees of freedom.

FIG. 2 Relative frequency of substrate types on which the
individuals perched (used substrate), of the respective substrates
available in the individuals perimeter (sample) and of the control
sample (control) for the three study sites (BMW, Calissane, Peau
de Meau).

TABLE 2 Results of the χ test on differences in the substrate be-
tween the sexes and in comparison to the relative frequency of
the substrates in the microhabitat (sample) or control.

Calissane Peau de Meau BMW

χ2 P χ2 P χ2 P

Sex 3.19 0.203 4.32 0.116 0.85 0.655
Substrate vs
sample

7.14 0.028 25.00 , 0.001 8.51 0.014

Substrate vs
control

7.36 0.025 31.41 , 0.001 6.76 0.034
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height was lowest on EX-Peau de Meau and EX-Grosse du
Levant, and mean vegetation height was highest at BMW.
Peau deMeau and EX-Couloubris were not significantly dif-
ferent in any variable.

The first two principal components of the PCA explained
%of the variance (Fig. ). The first component wasmainly
explained by green vegetation cover (score: .), mean
(.) and maximum vegetation height (.), the second
component was mainly explained by stone cover (−.)
and dry vegetation cover (.). The parameters associated
with the vegetation (vegetation cover, maximum and mean
vegetation height) correlated strongly with each other. All
sites except Peau de Meau correlated significantly with the

PCA components (environmental fitting; BMW, EX-Peau de
Meau, EX-Grosse du Levant: P, .; EX-Couloubris:
P = .; Calissane: P = .). The strong correlation of
BMW with the PCA was associated with the first principal
component. EX-Peau de Meau and EX-Grosse du Levant
correlated negatively with the first principal component,
as these sites had a relatively low vegetation height and
low vegetation cover. The Peau de Meau and EX-
Couloubris vectors grouped together along the second
principal component.

Discussion

Intensive grazing as a threat

Our key hypothesis was that changes in vegetation structure
caused by alterations in the grazing regime have led to a de-
gradation of the Crau plain grasshopper’s habitat, followed
by the local extinction of the animals in some areas. Our re-
sults show that the three populated sites had denser and
higher vegetation, whereas the sites where the species went
extinct had a higher cover of bare ground and stones. The
Peau de Meau site was the one most similar to former habi-
tats, but this population probably experienced a considerable
decline in recent years and may be close to extinction. This
site has also been used as farmland, leading to topsoil degrad-
ation and thus different vegetation and stone cover com-
pared to the other sites. Calissane and BMW, where the
microhabitat parameters measured at the insects’ locations
did not differ from the controls, generally appear to provide
a suitable habitat structure for the grasshopper. Both sites
had the highest vegetation densities and lowest stone cover.

The PCA illustrates that the sites can be ranked accord-
ing to their population status along a gradient of vegetation
structure and stone cover: () BMW and Calissane maintain
intact populations and have an intermediate vegetation
density and a low stone cover, () Peau de Meau and
EX-Couloubris can be considered as transition sites (close
to extinction or recently extinct) with less vegetation and
high stone cover, () EX-Peau de Meau and EX-Grosse du
Levant provide no suitable habitat, which may have fa-
voured the extinction of the species at these locations
(both sites have scarce and low vegetation but a high
stone cover). Overall, the results suggest that the Crau
plain grasshopper requires an intermediate vegetation dens-
ity (-% cover). Given that temperature was similar at all
populated sites, it is likely that vegetation is needed to pro-
vide a suitable microclimate, but it may also provide food
and shelter against predators and harsh meteorological
conditions.

Foucart & Lecoq () observed that P. rhodanica often
hides between stones, but also inside tufts of grass. In our
study the grasshoppers were predominantly detected on

TABLE 3 Results of the two-level nested ANOVAs. Site (six sites)
nested in type (populated sites vs former habitats). Populated
sites: BMW, Calissane, Peau de Meau; former habitats:
EX-Couloubris, EX-Grosse du Levant, EX-Peau de Meau.

Type Type: Site

λ* F1,288 P F4,288 P

Stones 0.59 28.88 , 0.001 7.70 , 0.001
Bare ground 0.26 16.82 , 0.001 7.78 0.007
Vegetation 0.67 49.12 , 0.001 8.18 , 0.001
Green vegetation 0.54 32.89 , 0.001 22.95 , 0.001
Dry vegetation 0.52 2.95 0.087 2.41 0.011
Maximum vegetation
height

0.15 72.61 , 0.001 31.18 , 0.001

Mean vegetation height 0.55 59.72 , 0.001 34.35 , 0.001
Substrate temperature 0.66 0.61 0.436 3.46 0.010

*Transformation exponent.

FIG. 3 Means ± SE of the microhabitat variables of the populated
sites (black) BMW, Calissane, Peau de Meau (in this order from
left to right), and former habitats (white) EX-Peau de Meau,
EX-Grosse du Levant and EX-Couloubris (in this order from left
to right).
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stones and bare ground in Calissane and Peau de Meau,
whereas at BMW they were found more often on vegetation.
A preference for stones may be related to the camouflage
provided by the stone-like colouring of the species, but
loss of vegetation cover could nevertheless increase preda-
tion risk. Populations of some potential predators (insecti-
vorous birds, particularly lesser kestrel Falco naumanni and
cattle egret) had been low in the Crau steppe before, but
have increased during the last two decades, and predation
by birds has therefore been identified as a potential threat
to the Crau plain grasshopper (Hochkirch et al., ).

Conservation management

Grazing by sheep is a traditional land use in the Crau region
and changes in vegetation structure have probably occurred
frequently in the past. However, differences in vegetation
structure between populated sites and former habitats sug-
gest that grazing could have caused the decline of the Crau
plain grasshopper, which means that (at least for this spe-
cies) the local grazing regime must be considered as over-
grazing. It remains uncertain whether the decline is a
direct effect of habitat degradation or an indirect effect of
grazing (e.g. by attracting predators such as the cattle egret).

Sheep grazing has been largely unmanaged by the
Reserve and poorly monitored. Adapting the grazing system
to benefit biodiversity conservation and improve habitat will
be crucial to protect P. rhodanica and other species. Foucart
& Lecoq () considered traditional (low-intensity) graz-
ing to be beneficial for P. rhodanica because it helps to
maintain habitat conditions and Fadda et al. () pro-
posed reducing grazing intensity in the Crau steppe to foster
beetle diversity. Population trends of other invertebrate spe-
cies in the Crau region are largely unknown and population
declines probably not recognized. Because grasshoppers are

an important food source for many other animals, their de-
crease could negatively affect threatened insectivorous bird
species such as the protected stone curlew Burhinus oedicne-
mus (Dennis et al., ) or reptiles, e.g. the ocellated lizard
Timon lepidus (Tatin et al., a).

Contrary to intensive grazing in the centre of the Crau
steppe, abandonment may represent a threat on the BMW
site, which had not been grazed over a period of – years.
Even though plant succession in the Crau steppe is slow
compared to other Mediterranean ecosystems (Fadda
et al., ) the site had the highest vegetation cover
(.%). Our study shows that site-specific management is
required: grazing intensity needs to be reduced in the centre
of the nature reserve to restore vegetation cover, and winter/
early spring grazing needs to be conducted on the BMW site
to avoid habitat deterioration. The latter has recently been
reintroduced, at a time before nymphs of the grasshopper
hatch, to avoid negative effects of predation by cattle egrets.
Grazing is generally required to keep the open character of
the ecosystem and for its biota (e.g. steppe birds), and socio-
economic consequences of changes in the grazing regime
also need to be considered. Overall, adaptive management
and monitoring of different organism groups are needed
to avoid negative effects on threatened species.

The grasshopper population at Calissane, where neither
over- nor undergrazing occur, is by far the largest. This site
represents the optimal habitat for P. rhodanica and can
serve as a reference for choosing appropriate sites for the
planned reintroduction of the species in other areas of the
Crau steppe (Hochkirch et al., ). This approach is im-
portant because the Crau plain grasshopper does not
move over large distances and thus cannot recolonize suit-
able habitat rapidly.

Grazing management is mostly discussed in the context
of the ecological requirements of mammals and birds
(Johnston & Anthony, ; Pakanen et al., ).

FIG. 4 Plot of the first two components
of the principal component analyses
(PCA) of the microhabitat variables,
explaining % of the total variance.
Arrows indicate the correlation of the
study sites using environmental fitting.
The isoclines illustrate maximum
vegetation height along the two
functions.

244 L. Bröder et al.

Oryx, 2019, 53(2), 239–246 © 2018 Fauna & Flora International doi:10.1017/S0030605318000170

https://doi.org/10.1017/S0030605318000170 Published online by Cambridge University Press

https://doi.org/10.1017/S0030605318000170


However, the results of our study and those of others
(Fonderflick et al., ; Lázaro et al., ) highlight the
need for appropriate grazing management for insects. This
is particularly urgent as recent analyses show that insects are
under considerable threat (Dirzo et al., ). Many insect
species have small distributional ranges and are thus
vulnerable to anthropogenic changes to their environment
(Hochkirch et al., ). Preserving these species is only pos-
sible with a sound knowledge of their ecology and the
threats affecting them.

Conclusion

Our study suggests that changes in vegetation structure have
played an important role in the decline of the Crau plain
grasshopper. The comparison of populated sites and former
habitats reveals major structural changes in vegetation,
probably caused by increased grazing in the centre of the
Crau steppe. There are no detailed data on past grazing dy-
namics, but remote sensing data could help to reconstruct
changes in vegetation cover. Further research into the habi-
tat preferences of other life stages (eggs, nymphs) and
studies of other possible threats, particularly the role of pre-
dation by birds, are necessary. Our study illustrates that oc-
currence within a protected area does not necessarily save a
species from extinction. Adaptive habitat management and
monitoring of population trends of threatened species are
required to preserve biodiversity within protected areas.
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