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Conservation agencies are often faced with the difficult task of prioritizing what recovery actions receive support. With the
number of species under threat of decline growing globally, research that informs conservation priorities is greatly needed. The
relative vulnerability of cryptic or nomadic species is often uncertain, because populations are difficult to monitor and local
populations often seem stable in the short term. This uncertainty can lead to inaction when populations are in need of protec-
tion. We tested the feasibility of using differences in condition indices as an indication of population vulnerability to decline for
related threatened Australian finch sub-species. The Gouldian finch represents a relatively well-studied endangered species,
which has a seasonal and site-specific pattern of condition index variation that differs from the closely related non-declining
long-tailed finch. We used Gouldian and long-tailed finch condition variation as a model to compare with lesser studied, threat-
ened star and black-throated finches. We compared body condition (fat and muscle scores), haematocrit and stress levels (cor-
ticosterone) among populations, seasons and years to determine whether lesser studied finch populations matched the model
of an endangered species or a non-declining species. While vulnerable finch populations often had lower muscle and higher fat
and corticosterone concentrations during moult (seasonal pattern similar to Gouldian finches), haematocrit values did not dif-
fer among populations in a predictable way. Star and black-throated finch populations, which were predicted to be vulnerable
to decline, showed evidence of poor condition during moult, supporting their status as vulnerable. Our findings highlight how
measures of condition can provide insight into the relative vulnerability of animal and plant populations to decline and will
allow the prioritization of efforts towards the populations most likely to be in jeopardy of extinction.
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Introduction stakeholders in order to fund conservation programmes

(Bayon and Jenkins, 2010). Often, key information on the sta-
Today’s conservationists are often faced with the difficult task  tus and ecology of rare species is difficult to obtain or incom-
of promoting species recovery plans to a wide variety of plete, leading to uncertainty about the direction and extent of
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possible recovery actions (Bottril et al., 2009). Owing to the
number of species and populations potentially under threat of
further declines, research and monitoring that informs conser-
vation priorities is greatly needed to support the decision-
making process and promote recovery action funding (Marris,
2007; McCarthy et al., 2012). For example, many of
Australia’s granivorous birds have declined rapidly in the past
century, with large range contractions documented in half of
the native grass-finches in tropical eastern Australia (Franklin,
1999). The relative vulnerability of different granivorous spe-
cies is often uncertain, because many populations are infre-
quently monitored, difficult to track due to nomadic
behaviour or seem to be stable over the past decade (Garnett
et al.,2011). The uncertainty regarding the response of popu-
lations to management or environmental factors can lead to
poor management decisions, and knowledge that assists in the
prediction of population responses to change can aid signifi-
cantly in the decision-making process (Regan et al., 2005).

Few actions have been implemented towards granivore
recovery outside of conservation reserves, despite a general
consensus among ecologists that cascading effects of grazing
and increased fire frequency in northern Australian savanna
have caused recent declines in granivorous birds (Franklin
et al., 2005; Garnett et al., 2011). Unlike most grass-finches,
Gouldian finches (Erythrura gouldiae) appear to be particu-
larly sensitive to environmental change due to their special-
ized grass-seed diet and relatively rigid breeding and moulting
schedules (Tidemann and Woinarski, 1994; Dostine and
Franklin, 2002). This sensitivity is reflected not only in the
disappearance of the species from more than half of its eastern
range, but also in the unique seasonal pattern of condition
index variation compared with co-occurring finch species that
have not declined. Gouldian finches have lower measures of
body condition and higher fat scores, haematocrit and avian
stress hormone (corticosterone; CORT) values during moult
than the breeding season (Maute et al., 2013). Non-declining
long-tailed (Poephila acuticauda) and masked finches
(P. personata) found in the same habitat did not display these
changes in condition in response to seasonal, yearly or site-
specific environmental change. Instead, these species tended to
be in good body condition year round and had higher CORT
levels when breeding compared with moult, as reported for
many northern hemisphere passerines (Breuner and Orchinik,
2002; Romero, 2002). The pattern of condition index varia-
tion observed in Gouldian finches may be unique or it may be
representative of other threatened species that are also sensi-
tive to recent changes in savanna management. If the latter is
true, the monitoring of seasonal changes in condition mea-
sures could be developed into an important tool for determin-
ing the relative vulnerability of populations to further
environmental change.

Previous studies have often used the comparison of condition
among populations to determine the possible impact of factors
such as human disturbance, habitat change or even pollutant
exposure (Artacho et al., 2007; Ellis et al., 2012). Much of this
research does support the hypotheses proposed, suggesting that
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condition indices can be used to determine the responses of indi-
viduals and populations to environmental conditions (Dantzer
et al.,2014). Measures of fat or muscle nutrient storage are eas-
ily assessed in a range of plants and animals, and represent an
important tool for discovering the relative responses of organ-
isms to environmental change (Stevenson and Woods, 2006).
Birds experiencing unpredictable food access show higher levels
of fat storage than when food is more accessible, suggesting that
fat measures could be used to indicate resource availability lev-
els for bird populations (Ekman and Hake, 1990; Cuthill et al.,
20005 Cresswell, 2003). Blood measures, such as haematocrit
(the proportion of red blood cells to whole blood volume), can
indicate the general health of birds, because low levels indicate
infection or dehydration, while high levels are often associated
with increased exercise, such as during migration (Fair ez al.,
2007). Physiological research investigating levels of stress hor-
mones in animals and heat shock protein levels in plants contin-
ues to show variation in the stress levels of organisms in response
to environmental change (Busch and Hayward, 2009;
Al-Whaibi, 2011; Bauer et al., 2013; Chankova et al., 2013).
Organisms increase the release of stress hormones in response to
disturbances, which typically induce feeding or ‘fight-or-flight’
responses that should increase survival probability, as long as
the response does not become chronic and reduce breeding and
feeding abilities (Sturkie, 1986). The normal variation in condi-
tion measures in natural populations could represent a baseline
to compare with populations facing new stressors. The existence
of multiple grass-finch species and populations that are exposed
to a variety of possible environmental stressors in northern
Australia presents an opportunity for research into the response
of closely related species to habitat change or differences.

The near threatened eastern star finches (Neochmia rufi-
cauda clarescens) share several characteristics with Gouldian
finches, including living in similar habitats, having a moder-
ately specialized diet of small seeds and strict timing of moult
during 3 months each year (Todd ez al., 2003). In contrast,
declining southern black-throated finches (Poephila cincta
cincta) feed on a larger range of seeds and other food, as well
as having a more opportunistic moulting strategy compared
with Gouldian or star finches (Higgins et al., 2006). Star, black-
throated and long-tailed finches all have more opportunistic
breeding strategies than Gouldian finches, involving lengthen-
ing or shortening of the breeding season (Higgins ez al., 2006).
Together, the life-history traits of star and black-throated
finches suggest that they should be more resilient to habitat
changes than Gouldian finches; however, large declines have
been recorded for these species in northeastern Australia
(Garnett et al., 2011). The decline of star and black-throated
finches suggests that the impacts of increased grazing and
improper fire regimens are detrimental and lead to the predic-
tion that the remaining populations that exist in areas sub-
jected to low levels of grazing and improper burning are
vulnerable to further declines.

Using predictions of the vulnerability of threatened finch
populations to further declines, we aimed to test the hypothesis
that changes in condition indices among seasons and years differ
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between vulnerable and less vulnerable species and populations.
We compared changes in condition indices among populations
of threatened star, black-throated and Gouldian finches and
non-declining long-tailed finches to gain insight into whether
declines in some populations are linked to similar physiological
responses, despite species differences in life history. Not only will
this information help to predict how populations will respond
to environmental change, but it will also suggest whether the
same environmental processes are likely to be responsible for
declines reported for finches across northern Australia.

Materials and methods

Species and sites

Sites containing the study species were chosen over a range of
habitat types, at paired sites for each species (Table 1). Two
populations of the endangered Gouldian finch and non-
declining long-tailed finch were sampled; Delamere Station
(latitude —15° 27" 11.3”S, longitude 131° 34’ 14.2”E), a pasto-
ral property with moderate to high grazing levels and no fire,
and Bradshaw Field Training Area (latitude —15° 36” 34.0”S,
longitude 130° 24’ 32.4”E), a Defence property that is man-
aged for biodiversity conservation with no grazing and little
fire. Both Gouldian finch populations were designated as vul-
nerable, while both long-tailed finch populations were non-
vulnerable, based on previous research on these species and
populations that suggested the Gouldian populations fluctuate
widely and show evidence of poor condition, while long-tailed
finch populations are more stable and retain good condition
year round (Woinarski and Tidemann, 1992; Garnett and
Crowley, 2000; Maute et al., 2013).

Near threatened star finches (N. . clarescens) were sampled
at two sites; Pormpuraaw, Queensland (latitude —14° 54" 18.9”S,
longitude 141° 37” 19.2”E), an area of Indigenous-owned land,
and Rinyirru (Lakefield) National Park (latitude 14° 37" 24.7"S,
longitude 143° 58" 12.8”E), a conservation reserve. While
Rinyirru is managed for biodiversity values, managers were
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not successful in excluding fire or grazing from most of the
open grassland used by star finches, with both occurring at
moderately high intensity; therefore, this population was pre-
dicted to be vulnerable to decline. Pormpuraaw contains
patches of unburnt dense coastal forest vegetation, but exten-
sive annual hot bushfires, weed infestations and moderate
to high grazing levels in surrounding coastal grassland.
Pormpuraaw was predicted to be less vulnerable to decline,
due to the stable refuge habitat created by the ungrazed and
fire-protected forest vegetation patches.

The non-threatened northern sub-species of the black-
throated finch (P. c. atropygialis) was sampled at Rinyirru
National Park in grassy woodland near densely vegetated
riparian habitat that sustains moderate grazing and burning
levels. In this area of the reserve, almost no cattle were present
and managers were successful in implementing patchy burning
every 2—6 years, thus we predicted that this population was
not vulnerable to decline. Threatened southern black-throated
finches (P. c. cincta) were sampled at Laudham Park Station
(latitude 19° 28’ 35.6”S, longitude 146° 41’ 14.6”E), a pastoral
property with high levels of grazing and little fire. We predicted
that this population was vulnerable to decline.

Finch sampling

Birds were passively captured within 4 h of sunrise using mist
nets. No recaptured individuals from this or other studies
were included in the analysis. Individuals were captured, mea-
sured, banded and released during two seasons: the late dry/
early wet season, when birds are moulting (from November to
early December 2007 and 2008), or the early dry/late breed-
ing season (from May to June 2008 and 2009). During each
visit to a study site, a minimum of 15 individuals of each spe-
cies were captured and measured. In total, 240 finches (7 = 60
for each species) are included in our analysis.

Blood samples were taken by venipuncture of the left bra-
chial vein, and a volume of 50-140 pl blood was collected into
heparinized haematocrit tubes. We kept the blood samples on

Table 1: Characteristics of finch monitoring sites and predictions of population vulnerability to decline

Property name Conservation status Grazing level Predicted vulnerability

Predictions are based on the subjective assessment of grazing levels and burning regimens as detrimental to each finch species and population. Abbreviations: FTA,

field training area; NP, national park.
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ice until we measured the haematocrit and removed the
plasma, which was frozen at —80°C within 6 h of sampling. We
determined fat score by estimating the volume of fat stored in
each bird’s furculum (the hollow area below the neck and
above the sternum; scale of 0—-5) and muscle score based on the
shape and relative volume of the pectoral muscles (scale of
0-3; Brown, 1996). To reduce the possibility of observer bias,
all bird body scores were assessed by one or two highly skilled
observers who always worked together and compared body
condition estimation methods weekly.

Haematocrit was measured after spinning blood in haemato-
crit tubes for 7 min at a force of 16 060g in a Hettich
Haematokrit 210 centrifuge. Total CORT was determined
from field-collected plasma samples. For each bird, the length
of time between net capture and blood sampling was measured
to the nearest minute to account for the effect of capture stress
on total plasma CORT concentration. Plasma CORT was
measured for 5 ul of whole plasma from each bird in an EIA
Kit ACETM Competitive Enzyme Immunoassay for corticos-
terone (Cayman Chemical Co., Ann Arbor, MI, USA). Two
standard CORT solutions (one high concentration and one
low) were tested along with finch plasma, which had an intra-
assay variability of <5% and an interassay variability of <5§%.

Given that each finch in this study was blood sampled only
once over a range of 5-60 min, we created a relative measure
of CORT response to handling stress over time, running a lin-
ear regression using all CORT results against handling time
and using the residuals in subsequent analysis. The regression
was significant (2 =0.04 F, ,3,=23.70, P <0.0001; Fig. 1).
Despite the regression accounting for a low level of the varia-
tion in total CORT values, we used the residual values from
the regression as a measure of stress responses (relative CORT
release in response to time since capture) because it removed
this low level of handling time variation from subsequent

200

h
(=]

S

Corticosterone (ng/mL)

50

Handle time (min)

Figure 1: Regression of total corticosterone (in nanograms per
millilitre) against handling time (time since capture) using pooled data
for all species, seasons, years and sites.
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analysis. Residual values (residual CORT) represent the release
of CORT corrected for handling time and may be either posi-
tive or negative. As the avian stress response is typically non-
linear, values near the mean could represent a moderate
increase of CORT over time, values below the mean could rep-
resent either an attenuation of the stress response or a return
to baseline within 60 min, and values above the mean could
represent high CORT concentrations released early or retained
longer over time. Our aim was to describe differences between
populations; therefore, residual CORT values were used as a
condition measure in subsequent analysis of the effects of pop-
ulation, season and year (see Maute ez al., 2013).

For each of the four condition indices, a mixed model restricted
maximum likelihood analysis was undertaken, with popula-
tion type (vulnerable or not vulnerable), year (first year = moult
2007 and breeding 2008; second year = moult 2008 and
breeding 2009) and season (breeding vs. moult) designated as
fixed factors, and species designated as a random factor to
account for general differences in measures among species
(SAS institute JMP11.1.1). This ensured that the model was
testing for differences in seasonal condition changes among
predicted population types. Student’s paired #-tests were used
to identify where differences lay (SAS Institute, JMP11.1.1).

Results

Finch condition indices often differed among population types
and seasons, and sometimes between years (Table 2). All finch
populations had higher muscle scores during breeding com-
pared with moult, and post hoc tests revealed that this trend
was largely driven by significant differences found in the first
year of the study and for vulnerable populations (Table 2 and
Fig. 2). Most populations had higher fat scores during moult
compared with breeding in year 1, but not in year 2, when fat
scores between seasons were similar (Table 2 and Fig. 3).
There was a non-significant trend for higher fat scores for
vulnerable finch populations (Table 2; vulnerable = 1.70 £ 0.09
SEM, not-vulnerable = 1.53 £ 0.09 SEM). Consistent trends in
haematocrit levels were not apparent among seasons, popula-
tions or years (Table 2). Residual CORT concentrations were
higher during moult compared with breeding for all popula-
tions in year 1 but not in year 2 (Table 2 and Fig. 4a).
Vulnerable populations had significantly higher residual
CORT concentrations during moult than breeding, while not-
vulnerable populations did not show a large difference
between seasons (Table 2 and Fig. 4b). The mean levels of con-
dition measures for each species are supplied as online supple-
mentary material, because this was not the focus of the study
(Supplementary Appendix S1).

Discussion

Condition indices are increasingly being promoted as a means
to detect vulnerability to environmental change at a population
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Table 2: Results of mixed model restricted maximum likelihood analysis evaluating the effects of population vulnerability (vulnerable or not
vulnerable), season (breeding or moult) and year (year 1 or year 2) on condition indices (n = 240)

Condition index Muscle score Fat score Haematocrit Residual corticosterone
Factor(s - F-value P-value F-value P-value F-value P-value F-value P-value

Species (Gouldian, long-tailed, star and black-throated finch) was included as a random factor, to account for differences in condition measures among species.
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Figure 2: Differences in mean muscle scores among populations
(vulnerable or not vulnerable), seasons (moult or breeding) and years
(year 1 or year 2). Bars represent means + SEM. *Significant differences
between season values based on Student’s paired t-tests, P < 0.05.

level, particularly for threatened vertebrates (Ellis ez al., 2012).
In the present study, supposed vulnerable threatened star and
black-throated finch populations had seasonal variation in
condition similar to the uncommon Gouldian finch and unlike
the common long-tailed finch. This similarity in condition
variation among populations predicted to be vulnerable to
decline suggests that the species monitored have similar sensi-
tivity to recent environmental changes that are hypothesized to
threaten their long-term persistence. The predictions of popu-
lation vulnerability used in this study were based on subjective
observational assessments by the authors, and similar future
studies could be improved if direct environmental measures
are employed to create predictions more objectively for a
larger number of populations. Despite these shortcomings, our
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Figure 3: Differences in mean fat scores among seasons (moult or
breeding) and years (year 1 or year 2). Bars represent means + SEM.
*Significant differences between season values based on Student’s
paired t-tests, P < 0.05.

results provide an example of the potential significant insights
into conservation questions provided by condition measure
monitoring.

Seasonal variation in stress indices

A striking seasonal change in residual CORT concentrations
was observed in all vulnerable populations, with significantly
higher CORT during moult than breeding. This differs from
the usual pattern of reduced CORT levels found during moult
in non-declining long-tailed finch populations and many spe-
cies in the northern hemisphere (Romero, 2002; Cornelius
et al., 2012; Maute et al., 2013). Though the biological sig-
nificance and valid interpretation of differences in CORT
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Figure 4: Differences in mean residual corticosterone (CORT; in
nanograms per millilitre) among seasons (moult or breeding) during
2 years (a) and between vulnerable and not-vulnerable populations
(b). Bars represent means + SEM. *Significant differences between
seasons based on Student’s paired t-tests, P < 0.05.

levels are controversial, the retention of stress responsiveness
during moult is likely to imply greater survival potential for
finches facing uncertain food resources, because increased
CORT has been linked with increased feeding behaviour
(Breuner et al., 2008, 2013; Schoech et al., 2013). Increased
CORT concentrations were found in captive black-morph
Gouldian finches fed poor diets, and though this did not nec-
essarily reduce their survival or reproductive output, it does
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suggest a link between nutrient limitations and increased
stress in finches (Pryke et al., 2012). It is very likely that the
grass seeds that wild finches rely on for food are in shorter
supply than they have been historically during the late dry/
early wet season, which coincides with moult (Andrew and
Mott, 1983; Crowley and Garnett, 1998, 1999, 2001; Letnic,
2004). If vulnerable populations of wild finches are experienc-
ing poor nutrition or reduced access to high-quality food dur-
ing moult, this is a likely explanation for their seasonal
changes in CORT levels, but the changes are not a definite
indication that these populations will decline.

Non-declining long-tailed finches and less vulnerable pop-
ulations of star and black-throated finches did not show dra-
matically higher CORT levels and lower muscle during moult,
suggesting that these populations are likely to be better able to
adapt to possible changes in food availability and are less
likely to require future conservation management compared
with vulnerable populations. This assumes that the decreased
stress response of supposed non-vulnerable populations dur-
ing moult shows that these birds were less stressed during this
period, but an alternative explanation would suggest that they
were suppressing the stress response due to chronic or long-
term stressors, which have been shown to downregulate the
release of stress hormones in several species (Romero and
Wikelski, 2002; Partecke et al., 2006; Cyr et al., 2007).
However, we propose that it is more likely that non-vulnera-
ble populations were simply less stressed, because their body
condition profile matched that of birds in good condition
(higher muscle and lower fat scores; discussed further below)
and did not show evidence of poor condition.

This study used residual CORT concentrations in analysis
not only to account for differences in the general stress
response values among species, but also to account for differ-
ences in the time since capture for individuals within popula-
tions. This analysis only described the broadly different stress
responses of populations above or below a mean response and
would not be suggested as a method to compare responses
among individuals. Future research could be improved by
sampling individuals at set times after capture so that han-
dling time is less likely to represent a confounding factor.
Similar to recent reviews on the use of hormone measures in
conservation studies, we also suggest that body condition and
other condition measures are recorded to complement mea-
sures of stress response (Schoech et al., 2013). These method-
ological improvements would increase the accuracy and
validity of the interpretation of variation in stress responses
among groups of organisms.

Seasonal variation in body condition indices

There was a trend for vulnerable populations to have higher
fat scores, and all populations showed significant seasonal
condition patterns in the first year of the study that matched
the Gouldian finch profile of elevated fat storage during
moult. Many non-migratory passerines, including grass-
finches, rarely carry much fat (Blem, 1976; Breuer ez al., 1995;
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Rozman et al., 2003). It is theorized that this is because of the
disadvantage that extra weight poses to flight agility, energy
demands and predator avoidance (Witter and Cuthill, 1993;
Brodin, 2001). Despite this possible disadvantage, several
winter resident passerines in the northern hemisphere carry
larger fat reserves during times of food limitation, and the
high levels of fat storage in long-distance migrants are well
recorded (Blem, 1976; Ekman and Hake, 1990; Cuthill et al.,
20005 Cresswell, 2003). The observation of higher fat storage
in finches during the late dry season and stressful moult period
could be a symptom of unpredictable food availability,
because this pattern fits the general profile of birds experienc-
ing food limitations and is very similar to the seasonal pattern
of condition indices previously found in Gouldian finches
(Maute et al., 2013).

In contrast, finch muscle measures showed an opposite sea-
sonal pattern. Muscle scores were higher during breeding
compared with moult for all populations, but this trend
seemed to be driven by significant differences during year 1
and for vulnerable populations. Muscle is accumulated and
lost more slowly than fat in some birds, and lowered muscle
mass could be a sign of poor condition and longer-term nutri-
tional stress (Lindstrom and Piersma, 1993). The finding of
lower muscle scores in supposed vulnerable populations sup-
ports the hypothesis that populations predicted to be more
vulnerable to decline are more likely to show evidence of poor
condition. Again, this hypothesis could be tested more rigor-
ously with the addition of more replicated populations to this
model.

Our analysis did not detect any significant differences in
haematocrit levels among the factors tested. Previous surveys
of south Australian birds have also failed to detect seasonal
changes in bird haematocrit (Breuer et al., 1995). It is possi-
ble that subtle differences in this blood condition measure
among populations were simply not predicted by these fac-
tors, but by other unmeasured factors known to influence
haematocrit. Infection, due to disease or parasites, and severe
malnutrition are known greatly to reduce haematocrit in
birds, whereas increases in activity, such as long-distance
flights, are known to increase haematocrit (Carpenter, 1975;
Jenni et al., 2006; Fair et al., 2007). However, population-
level measures of infection and activity levels would be diffi-
cult to obtain and were beyond the scope of the present study.
The lack of haematocrit differences among vulnerable or not-
vulnerable finch populations might suggest that this measure
was a less robust predictor of bird population condition, yet
other studies have detected significant differences among
populations and experimental treatments that suggest hae-
matocrit was a useful measure for other species and systems
(Sanchez-Guzman et al., 2004; Cuervo et al., 2007; Bowers
etal.,2014).

Surprisingly, all finch populations showed high fat levls and
CORT concentrations in late 2007 (year 1), coinciding with
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high June rainfall (>20 ml) recorded across all of northern
Australia and during the middle of the dry season.
Unseasonable rain can disrupt the abundance of grass seeds
later in the year by promoting premature and extensive germi-
nation or burial of seeds that would otherwise be available to
finches (Andrew and Mott, 1983; Mclvor and Gardner, 1991;
Crowley and Garnett, 1999). Thus, it is likely that a wide-
spread rain event led to a shortfall of preferred seed in late
2007, which in turn would lead to higher CORT responses
and increased fat storage among all four species of grass-
finches. This highlights the usefulness of condition in describ-
ing species responses to unusual climatic events, such as
winter rainfall in northern Australia, which is likely to
increase in the future and may cause further stress to granivo-
rous birds (Hughes, 2011). Most physiological stress studies
monitor populations during breeding, because this period is
thought to represent the behaviour or season that is most
likely to limit population numbers through increased recruit-
ment of young or decreased survival of adults (Dantzer ez al.,
2014). The measurement of condition during multiple life-
history periods aided in our discovery that poor food avail-
ability during the moult period is just as likely to limit finch
populations. Similar stress physiology and body condition
comparisons among populations and seasons in other verte-
brates and plants could be made to determine the relative risk
of population decline due to habitat and climate change. If
interpreted cautiously and in association with multiple condi-
tion indices, these measures represent innovative and time-
effective tools that could be used to inform conservation
management decisions.

In conclusion, it seems that not all eastern finches are as
sensitive to environmental factors as Gouldian finches; we
could infer that this is why the supposed non-vulnerable pop-
ulations are persisting in the landscape while Gouldian finches
have not. However, there are sufficient similarities in the pat-
tern of seasonal variation in these measures for all species to
identify food limitation as being a likely cause of their lowered
condition indices. The reduction in muscle scores and increase
in fat levels and CORT concentrations seen in all populations
in late 2007 suggests that all finches responded poorly to a
regional change in environmental conditions. In order to buf-
fer remaining populations from similar unforseen detrimental
circumstances, care could be taken to minimize nutritional
stress during moult in the late dry/early wet season by increas-
ing grass seed production in the remaining habitats of threat-
ened species.

Our findings highlight how measures of condition can pro-
vide insight into the relative vulnerability of vertebrate popu-
lations to decline and will allow recovery teams to allocate
efforts to the populations most likely to be in danger of extir-
pation. Traditionally, gaining this insight would take many
years of costly long-term population monitoring to complete.
Our results provide evidence that short-term condition index
studies may represent a useful alternative to determining the
level of vulnerability among populations when long-term
research is not feasible.

G102 ‘91 aung uo 3sang £q /310°seurnolpioyxo-sAyduos/:dpy woly papeojumoq



Research article

Supplementary material

Supplementary material is available at Conservation
Physiology online.

Acknowledgements

This research was conducted with permission from the Parks
and Wildlife Commission of the Northern Territory (permit
numbers 25043, 27301 and 30274), Queensland Parks and
Wildlife (permit numbers WISP04003806 and
WITK04002706) and University of Wollongong Animal
Ethics Committee (AE 06-25). The Australian Agricultural
Company, Australian Department of Defence, Pormpuraaw
Rangers and Aboriginal Sire Council, Queensland National
Parks and Laudham Park Station are thanked for allowing us
to work on their land.

Funding

This work was supported by the Australian Wildlife
Conservancy, the Australian Research Council (grant number
LP0668122), the University of Wollongong and the Northern
Territory Department of Infrastructure, Planning and
Environment and was administered and supported by Charles
Darwin University. Additional funds were provided by the
Stuart Leslie Bird Research fund and the Professor Allen Keast
Award (Birdlife Australia).

References

Al-Whaibi MH (2011) Plant heat-shock proteins: a mini review. J King
Saud Univ-5ci 23: 139-150.

Andrew M, Mott J (1983) Annuals with transient seed banks: the popula-
tion biology of indigenous Sorghum species of tropical north-west
Australia. Aust J Ecol 8: 265-276.

Artacho P, Soto-Gamboa M, Verdugo C, Nespolo RF (2007) Blood bio-
chemistry reveals malnutrition in black-necked swans (Cygnus mela-
nocoryphus) living in a conservation priority area. Comp Biochem
Physiol A Mol Integr Physiol 146: 283-290.

Bauer CM, Skaff NK, Berdard AB, Trevino JM, Ho JM, Romero LM,
Ebensperger LA, Hayes LD (2013) Habitat type influences endocrine
stress response in the degu (Octodon degus). Gen Comp Endocrinol
186: 136-144.

Bayon R, Jenkins M (2010) The business of biodiversity. Nature 466: 184-185.

Blem CR (1976) Patterns of lipid storage and utilization in birds. Am Zool
16:671-684.

Bottril MC, Joseph LN, Carwardine J, Bode M, Cook C, Game ET, Grantham
H, Kark S, Linke S, McDonald-Madden E et al. (2009) Finite conserva-
tion funds mean triage is unavoidable. Trends Ecol Evol 24: 183-184.

Bowers EK, Hodges CJ, Forsman AM, Vogel LA, Masters BS, Johnson BGP,
Johnson LS, Thompson CF, Sakaluk SK (2014) Neonatal body

Conservation Physiology - Volume 3 2015

condition, immune responsiveness, and hematocrit predict longev-
ity in a wild bird population. Ecology 95:3027-3034.

Breuer K, Lill A, Baldwin J (1995) Hematological and body-mass changes
of small passerines overwintering in south-eastern Australia. Aust J
Zool 43:31-38.

Breuner CW, Orchinik M (2002) Downstream from corticosterone: sea-
sonality of binding globulins, receptors and behavior in the avian
stress response. In Dawson A ed, Avian Endocrinology. Narosa
Publishing, New Deli, London, pp 385-399.

Breuner CW, Patterson SH, Hahn TP (2008) In search of relationships
between the acute adrenocortical response and fitness. Gen Comp
Endocrinol 157: 288-295.

Breuner CW, Delehanty B, Boonstra R (2013) Evaluating stress in natural
populations of vertebrates: total CORT is not good enough. Funct
Ecol 27: 24-36.

Brodin A (2001) Mass-dependent predation and metabolic expenditure
in wintering birds: is there a trade-off between different forms of pre-
dation? Anim Behav 62: 993-999.

Brown ME (1996) Assessing body condition in birds. In Nolan V Jr,
Ketterson ED eds, Current Ornithology, Vol 13. Plenum Press, New
York, pp 67-135.

Busch DS, Hayward LS (2009) Stress in a conservation context: a discussion
of glucocorticoid actions and how levels change with conservation-
relevant variables. Biol Conserv 142: 2844-2853.

Carpenter FL (1975) Bird hematocrits: effects of high altitude and
strength of flight. Comp Biochem Physiol 50A: 415-417.

Chankova S, Mitrovska Z, Miteva D, Oleskina YP, Yurina NP (2013) Heat
shock protein HSP70B as a marker for genotype resistance to envi-
ronmental stress in Chlorella species from contrasting habitats. Gene
516:184-189.

Cornelius JM, Perfito N, Zann R, Breuner CW, Hahn TP (2012) Physiological
trade-offs in self-maintenance: plumage molt and stress physiology
in birds. J Exp Biol 214:2768-2777.

Cresswell W (2003) Testing the mass-dependent predation hypothesis: in
European blackbirds poor foragers have higher overwinter body
reserves. Anim Behav 65: 1035-1044.

Crowley G, Garnett S (1998) Vegetation change in the grasslands and
grassy woodlands of east-central Cape York Peninsula, Australia. Pac
Conserv Biol 4:132-148.

Crowley G, Garnett S (1999) Seeds of the annual grasses Schizachyrium
spp. as a food resource for tropical granivorous birds. Aust J Ecol 24:
208-220.

Crowley G, Garnett S (2001) Growth, seed production and effect of defo-
liation in an early flowering perennial grass, Alloteropsis semialata
(Poaceae), on Cape York Peninsula, Australia. Aust J Bot 49: 735-743.

Cuervo JJ, Mgller A, De Lope F (2007) Haematocrit is weakly related
to condition in nestling Barn Swallows Hirundo rustica. Ibis 149:
128-134.

G102 ‘91 aung uo 3sang £q /310°seurnolpioyxo-sAyduos/:dpy woly papeojumoq



Conservation Physiology - Volume 3 2015

Cuthill IC, Maddocks SA, Weall CV, Jones EKM (2000) Body mass regula-
tion in response to changes in feeding predictability and overnight
energy expenditure. Behav Ecol 11: 189-195.

Cyr NE, Earle K, Tam C, Romero LM (2007) The effect of chronic psycho-
logical stress on corticosterone, plasma metabolites, and immune
responsiveness in European Starlings. Gen Comp Endocrinol 154:
59-66.

Dantzer B, Fletcher QE, Boonstra R, Sheriff MJ (2014) Measures of physi-
ological stress: a transparent or opaque window into the status, man-
agement and conservation of species? Conserv Physiol 2: doi:10.1093/
conphys/cou023.

Dostine PL, Franklin DC (2002) A comparison of the diet of three finch
species in the Yinberrie Hills area, Northern Territory. Emu 102:
159-164.

Ekman JB, Hake MK (1990) Monitoring starvation risk: adjustments of
body reserves in greenfinches (Carduelis chloris L.) during periods of
unpredictable foraging success. Behav Ecol 1: 62-67.

Ellis RD, McWhorter TJ, Maron M (2012) Integrating landscape ecology
and conservation physiology. Landscape Ecol 27: 2509-2523.

Fair J, Whitaker S, Pearson B (2007) Sources of variation in haematocrit.
Ibis 149: 535-552.

Franklin DC (1999) Evidence of disarray amongst granivorous bird
assemblages in the savannas of northern Australia, a region of sparse
human settlement. Biol Conserv 90: 53-68.

Franklin DC, Whitehead PJ, Pardon G, Matthews J, McMahon P, McIntyre
D (2005) Geographic patterns and correlates of the decline of gra-
nivorous birds in northern Australia. Wildl Res 32: 399-408.

Garnett ST, Crowley GM (2000). The Action Plan for Australian Birds 2000.
Environment Australia, Canberra.

Garnett ST, Szabo Z, Dutson G (2011) Action Plan for Australian Birds 2010.
CSIRO, Charles Darwin University, Darwin.

Higgins PJ, Peter JM, Cowling SJ (2006). Handbook of Australian, New
Zealand & Antarctic Birds (HANZAB), Vol 7, Boatbills to Starlings.
Oxford University Press, Melbourne.

Hughes L (2011) Climate change and Australia: key vulnerable regions.
Reg Environ Change 11:189-195.

JenniL, Miller S, Spina F, Kvist A, Lindstrom A (2006) Effect of endurance
flight on haematocrit in migrating birds. J Ornithol 147:531-542.

Letnic M (2004) Cattle grazing in a hummock grassland regenerating
after fire: the short-term effects of cattle exclusion on vegetation in
south-western Queensland. Rangeland Journal 26: 34-48.

Lindstrém A, Piersma T (1993) Mass changes in migrating birds: the evi-
dence for fat and protein storage re-examined. /bis 135: 70-78.

McCarthy DP, Donald PF, Scharlemann JPW, Buchanan GM, Balmford
A, Green JMH, Bennun LA, Burgess ND, Fishpool LDC, Garnett ST
etal. (2012) Financial costs of meeting global biodiversity conser-
vation targets: current spending and unmet needs. Science 338:
946-949.

Research article

Mclvor J, Gardner CJ (1991) Soil seed densities and emergence patterns
in pastures in the seasonally dry tropics of north-eastern Australia.
AustJEcol 16: 159-169.

Marris E (2007) Conservation priorities; what to let go. Nature 450: 152-155.

Maute K, French K, Legge SM, Astheimer LB (2013) Seasonal stress phys-
iology and body condition differ among co-occurring tropical finch
species.J Comp Physiol B 35: 1023-1029.

Partecke J, Schwabl I, Gwinner E (2006) Stress and the city: urbanization
and its effects on the stress physiology in European Blackbirds.
Ecology 87:1945-1952.

Pryke SR, Astheimer LB, Griffith SC, Buttemer WA (2012) Covariation in
life-history traits: differential effects of diet on condition, hormones,
behavior, and reproduction in genetic finch morphs. Am Nat 179:
375-390.

Regan HM, Ben-Haim Y, Langford B, Wilson WG, Lundberg P, Andelman
SJ, Burgman M (2005) Robust decision-making under severe uncer-
tainty for conservation management. Ecol Appl 15: 1471-1477.

Romero LM (2002) Seasonal changes in plasma glucocorticoid concen-
trations in free-living vertebrates. Gen Comp Endocrinol 128: 1-24.

Romero LM, Wikelski M (2002) Exposure to tourism reduces stress-
induced corticosterone levels in Galdpagos marine iguanas. Biol
Conserv 108:371-374.

Rozman J, Runciman D, Zann RA (2003) Seasonal variation in body mass
and fat of zebra finches in south-eastern Australia. Emu 103: 11-19.

Séanchez-Guzman JM, Villegas A, Corbacho C, Moran R, Marzal A, Real R
(2004) Response of haematocrit to body condition changes in north-
ern bald ibis Geronticus eremita. Comp Biochem Physiol A Mol Integr
Physiol 139: 41-47.

Schoech SJ, Romero LM, Moore IT, Bonier F (2013) Constraints, concerns and
considerations about the necessity of estimating free glucocorticoid
concentrations for field endocrine studies. Funct Ecol 27: 1100-1106.

Stevenson RD, Woods WAJ (2006) Condition indices for conservation:
new uses for evolving tools. Integr Comp Biol 46:1169-1190.

Sturkie PD (1986) Avian Physiology. Springer Verlag, New York.

Tidemann SC, Woinarski JCZ (1994) Moult characteristics and breeding
seasons of Gouldian, Erythrura gouldiae, Masked, Poephila personata
and Long-tailed finches, P. acuticauda in savannah woodland in the
northern territory. Emu 94: 46-52.

Todd MK, Felton A, Garnett ST (2003) Morphological and dietary differ-
ences between common and uncommon subspecies of Crimson
Finch, Neochmia phaeton, and Star Finch, Neochmia ruficauda, in
northern Australia. Emu 103: 141-148.

Witter MS, Cuthill IC (1993) The ecological costs of avian fat storage.
Philos Trans R Soc Lond B Biol Sci 340: 73-92.

Woinarski JCZ, Tidemann SC (1992) Survivorship and some population
parameters for the endangered Gouldian Finch Erythrura gouldiae
and two other finch species at two sites in tropical northern Australia.
Emu 92:33-38.

G102 ‘91 aung uo 3sang £q /310°seurnolpioyxo-sAyduos/:dpy woly papeojumoq



