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Summary

1.

 

The populations of three species of South Asian vultures (

 

Gyps bengalensis

 

, 

 

Gyps indicus

 

and 

 

Gyps tenuirostris

 

) have declined rapidly within the last decade and all are now critically
endangered. Veterinary use of the non-steroidal anti-inflammatory drug diclofenac
appears to be a major cause of the declines. Vultures are likely to be exposed to the drug
when they feed on carcasses of livestock that were treated with diclofenac before death.

 

2.

 

We measured the concentration of diclofenac in the tissues of treated Indian humped
and European cattle (

 

Bos indicus

 

 and 

 

Bos taurus

 

) in relation to the interval between
dosing and death. We used a dose–response model to assess the risk posed to wild
vultures if  they feed on carcasses of treated livestock.

 

3.

 

Diclofenac concentrations in fat, intestine, kidney and liver were considerably higher than
those in muscle, but concentrations in the first four tissues initially depleted more rapidly
(half-life 6–8 h) with time since the last injection of the drug, compared with muscle (half-
life 15 h). Depletion rates became much slower in all tissues 25–98 h after the last injection.

 

4.

 

Diclofenac concentration, averaged across the carcass, was enough to cause
appreciable mortality (> 10% of  birds per meal) if  oriental white-backed vultures

 

G. bengalensis

 

 were to take a large meal from the carcass of an animal that was given its
last dose of the drug within a day or two before death. Vultures that feed selectively on
tissues with high concentrations of the drug, such as kidney, liver and intestine, would
be exposed to a higher risk and for longer after dosing.

 

5.

 

Synthesis and applications.

 

 The tissues of cattle treated with diclofenac are a hazard to
wild vultures that feed on an animal that dies within a few days after treatment. Intestine,
kidney and liver have the highest diclofenac concentrations, but the concentration
averaged across all the edible tissues of the carcass is also hazardous. Withdrawal of
diclofenac from veterinary use on animals whose carcasses may become available to
scavenging vultures is recommended. In 

 

ex situ

 

 and 

 

in situ

 

 conservation projects,
vultures should be fed on carcasses of animals that are known not to have been treated
with diclofenac in the week before death.
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Introduction

 

Three species of vultures endemic to South Asia, the
oriental white-backed vulture 

 

Gyps bengalensis

 

(Gmelin), long-billed vulture 

 

Gyps indicus

 

 (Scopoli)
and slender-billed vulture 

 

Gyps tenuirostris

 

 Gray, are at
high risk of global extinction and are listed as critically
endangered because of rapid population declines within
the last decade in the Indian subcontinent (Prakash

 

et al

 

. 2003; Green 

 

et al

 

. 2004; IUCN 2004). There is
strong evidence that veterinary use of the non-steroidal
anti-inflammatory drug (NSAID) diclofenac is a major
cause of the population declines (Oaks 

 

et al

 

. 2004;
Green 

 

et al

 

. 2004; Shultz 

 

et al

 

. 2004). Diclofenac is
widely available as a veterinary drug in the Indian
subcontinent, where it is used to treat inflammation,
fever and pain associated with disease and injury in
domestic livestock. Vultures are believed to be exposed
to the drug when they feed on carcasses of livestock that
were treated with diclofenac before death. Following
experimental exposure to tissues of ungulates treated
with a veterinary dose of diclofenac, 

 

G. bengalensis

 

died within a few days from kidney failure. Extensive
visceral gout was evident at post-mortem examination
(Oaks 

 

et al

 

. 2004). Rapid death associated with visceral
gout has also been observed in two other vulture
species, African white-backed vulture 

 

Gyps africanus

 

Salvadori and Eurasian griffon vulture 

 

Gyps fulvus

 

(Hablitzl), treated experimentally with diclofenac (Swan

 

et al

 

. 2006a). Hence, susceptibility to diclofenac poi-
soning seems to be widespread in the genus, so 

 

G.
indicus

 

 and 

 

G. tenuirostris

 

 are also likely to be susceptible.
Visceral gout and diclofenac residues in tissues have
also been found in most carcasses of wild 

 

Gyps

 

 vultures
from across India, Pakistan and Nepal examined since
the decline began (Oaks 

 

et al

 

. 2004; Shultz 

 

et al

 

. 2004).
The proportion of carcasses of 

 

G. bengalensis

 

 and 

 

G.
indicus

 

 found dead in the wild with signs of diclofenac
poisoning is consistent with this being the main, and
possibly the only, cause of the vulture decline (Green

 

et al

 

. 2004).
No detailed studies have been made previously of

the exposure of vultures to diclofenac and the risk of
death posed by each exposure. In this paper, we
report on the concentrations of  diclofenac in the
tissues of  experimentally treated cattle and assess
the risk to wild vultures if  they were to feed on them, in
relation to the time between treatment and the death
of  the treated animal. For this we used data from
three experiments. One was carried out to estimate the
exposure of  wild vultures to diclofenac administered
to cattle using the standard daily dose of  the drug
recommended for veterinary use in India (experi-
ment 1). The other experiments (experiments 2 and
3) were undertaken by a pharmaceutical manu-
facturing company to establish maximum residue
limits, as required by the European Agency for the
Evaluation of Medicinal Products (EMEA, London,
UK).

 

Methods

 

 

 

1

 

Ten female Indian humped cattle 

 

Bos indicus

 

 L., 1–7 years
old (mean 3·8 years) with an average mass of 202 kg
(range 30–300 kg), were housed on a farm in Kerala,
India. After keeping the animals for at least 2 weeks to
ensure that they were free of any previous NSAID they
might have received, each was given one injection of a
diclofenac sodium formulation (25000 mg L

 

−

 

1

 

; 3-D Vet,
Intas, India) into the neck muscle at a dose of 1 mg kg

 

−

 

1

 

live weight. At 21 h (20·7–22·5 h), 46 h (45·8–46·8 h), 71 h
(71·0–71·3 h), 167 h (166·4–168·8 h) and 334 h (333·1–
334·3 h) after the injection, respectively, two animals
were slaughtered. Samples of tissue weighing 25–30 g
were taken from intestine, kidney and liver and from
intercostal or gluteal muscle from the opposite side of
the body from the injection site. Samples were frozen
at 

 

−

 

20 

 

°

 

C.

 

 

 

2

 

Sixteen young European cattle 

 

Bos taurus

 

 L. (eight males
and eight females), 0·6–2·0 years old (mean 1·1 years)
and weighing 140–280 kg (mean 187·5 kg), were housed
at a facility in France. Each animal received an inject-
able proprietary veterinary formulation of diclofenac
sodium (50 000 mg L

 

−

 

1

 

) injected into the neck muscle at
a dose of 2·5 mg kg

 

−

 

1

 

 live weight on each of 6 consecutive
days. At 2–4 h, 12 h, 24 h and 144 h after the last injection,
respectively, four animals were slaughtered by exsan-
guination after stunning. Samples of tissue weighing 2–
5 g were taken from perirenal fat, kidney, liver and
triceps muscle. A summary of this experiment has been
reported previously in item 18 of EMEA (2004).

 

 

 

3

 

Eight mature dairy cows 

 

B. taurus

 

, aged 2·5–10·0 years
old (mean 5·3 years) and weighing 555–715 kg (mean
638·8 kg), were housed at a facility in France. Each animal
received an injectable proprietary veterinary formulation
of diclofenac sodium (50 000 mg L

 

−

 

1

 

) injected into the
neck muscle at a dose of 2·5 mg kg

 

−

 

1

 

 live weight on each
of 6 consecutive days. Four animals were slaughtered by
exsanguination after stunning at 96 h, and another four
at 176 h, after the last injection. Samples of perirenal
fat (10 g), kidney (20 g), liver (20 g) and triceps muscle
(20 g) were taken. A summary of this experiment has
been reported previously in item 18 of EMEA (2004).

 

 

 

Diclofenac concentrations in tissues were measured
using high-performance liquid chromatography (HPLC)
methods calibrated against a known standard concen-
tration of the drug. In experiment 1, diclofenac was
extracted from 0·5 g of tissue by homogenization with
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2 mL of  HPLC-grade acetonitrile, which was then
centrifuged at 1000 

 

g

 

 for 5 min. Analysis of diclofenac
tissue concentrations was undertaken using a validated
HPLC method with electrospray ionization mass spec-
trometry (ESI/MS) detection, following the methods of
Oaks 

 

et al

 

. (2004). The Agilent 1100 series instrument
(1946D) (Agilent Technologies UK, Cheadle Royal
Business Park, Stockport, SK8 3GR, UK) was calibrated
using six diclofenac sodium salt (Sigma-Aldrich; D6899,
New Road, Gillingham, Dorset, SP8 4XT, UK) standards
ranging from 0·005 to 1 mg L

 

−

 

1

 

. The calibration was
linear across this range, with an 

 

r

 

2

 

 value of > 0·999. The
limit of quantification (LOQ) was 0·01 mg kg

 

−

 

1

 

.
In experiments 2 and 3, diclofenac was extracted using

a multistep process. For fat, aliquots of  0·5–1·0 g of
tissue were homogenized in 8 mL of dichloromethane.
For kidney, liver and muscle, aliquots of  0·5–1·0 g of
tissue were homogenized in 4 mL of ethanol. Quantita-
tive determination of diclofenac was performed using a
Hewlett Packard HP 1050 series system. Chromato-
graphy was carried out on a column packed with a C18
stationary phase. The mobile phase was a mixture of
acetonitrile/sodium acetate 0·1 

 



 

/methanol (2/38/60;
v/v) and was used at a flow rate of  0·7 mL min

 

−

 

1

 

. A
coulometric detection method was used. The LOQ was
0·005 mg kg

 

−

 

1

 

 in experiments 2 and 3 in all tissues except
fat in experiment 3, for which the LOQ was 0·01 mg kg

 

−

 

1

 

.

 

    
    
    

 

Inspection of the data indicated that the concentration
of diclofenac in tissue declined approximately expo-
nentially after the last injection, but that the rate of
decline slowed abruptly after a certain time, which we
called the transition time (Fig. 1). We decided to model
the diclofenac concentration 

 

d

 

 as a function of time
since the last injection 

 

t

 

 using the piece-wise relationship

 

d

 

 = exp(

 

a

 

ij

 

 + 

 

b

 

i.

 

1

 

t

 

) for 

 

t

 

 < 

 

t

 

i

 

*, and 

 

d

 

 = exp(

 

a

 

ij

 

 + 

 

b

 

i.

 

1

 

t

 

i

 

* +

 

b

 

i

 

.2

 

 (

 

t – t

 

i

 

*)) for 

 

t

 

 > 

 

t

 

i

 

*, where 

 

a

 

ij

 

 is a constant specific to
the 

 

i

 

th tissue and 

 

j

 

th experiment, 

 

b

 

i.

 

1

 

 is the exponential
rate of  decline of  diclofenac concentration in the 

 

i

 

th
tissue between the last injection and transition time 

 

t

 

i

 

*,
after which the decline rate changes to 

 

b

 

i.

 

2

 

. Deviations
from expected values were assumed to be log-normally
distributed with residual variance s

 

i

 

2

 

 specific to each tissue.
There were insufficient data to estimate decline rates

and transition times for a given tissue separately for each
of three experiments, so only the 

 

a

 

 parameters were treated
as specific to both tissue and experiment. The 

 

b

 

 and 

 

t

 

*
parameters were assumed to differ among tissues, but
to be the same for a given tissue in each experiment. In
practice, this gave a reasonable fit to the data (Fig. 1).

Parameter values were estimated by a quasi-Newton
maximum-likelihood (M-L) method using the 

 



 

module of 

 



 

 5.03. A M-L procedure was preferred to
ordinary linear least-squares regression after log trans-
formation of 

 

d

 

 because some observed concentrations

were below the LOQ. If  least-squares linear regression
had been used, these observations would have had to be
assigned an arbitrary concentration lower than the
LOQ so that logarithms could be taken. The choice of
this value would affect the resulting parameter estimates.
Omitting the < LOQ observations would also be unsatis-
factory as it would bias the parameter estimates. There-
fore, the presence of observations < LOQ was handled
in the M-L procedure by incorporating into the model
left-censoring of 

 

d

 

 at the LOQ value appropriate to a
given experiment and tissue (Kalbfleisch 1979).

As a measure of the goodness-of-fit of the models, we
calculated expected values from them and then obtained
the Pearson correlation coefficient 

 

r

 

 between observed
and expected diclofenac concentrations for each tissue.
Data for which the observed value was < LOQ were
excluded from this calculation.

 

     
 

 

We wished to calculate the concentration of diclofenac
averaged over all parts of the carcass of a cow or domes-
ticated water buffalo 

 

Bubalus bubalis

 

 (L.) available to
vultures as food. To do this, we needed to know the
proportion of the edible mass of the entire carcass that
is made up of each tissue. The composition of typical
carcasses of 

 

Bos taurus

 

, 

 

Bos indicus

 

 and 

 

Bubalus bubalis

 

was determined from the scientific literature. Ideally we
would have determined composition separately for
each species from samples of animals representative of
those available dead as food for vultures in India. In
practice, the information available did not allow this
and it was necessary to assume that the same mean
values could be used for the three species.

Initially we expressed the mass of each body component
as a percentage of the animal’s live weight. The mass of the
liver is 1·3–1·5% of live weight for 

 

Bos taurus

 

 (Budras &
Habel 2003) and 1·5% for 

 

Bos indicus

 

 (Kumar Ghosh
1998). We used 1·5% as the typical value. The mass of the
kidneys is 0·25% of live weight in 

 

Bos taurus

 

 according
to Budras & Habel (2003), and 0·55% in 

 

Bos indicus

 

Kumar Ghosh (1998). Using the relative mass of the
kidneys and liver from table 14 of Grubh (1974) and
the value for liver given above, we estimated that the
mass of the kidneys is 0·41% of live weight in Bubalus
bubalis. The mean of these three estimates is 0·40%.

The mass of all internal organs (offal) of Bos taurus
is given as 14% of live weight by the Competition Com-
mission (1985). After subtracting the estimates of the
mass of the liver and kidneys given above, this leaves 12·1%
of live weight comprised by the other internal organs.

The percentage of muscle present in carcasses dressed
for meat preparation (i.e. with the head, feet, hide, blood,
alimentary tract and contents removed) was taken to
be 33% of live weight for Bos taurus (Callow 1962) and
37·1% for Bubalus bubalis (Charles & Johnson 1972),
giving a mean of 35·0%. We estimated the mean mass of
edible tissue, assumed to be mostly muscle, on heads of
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Bos indicus and Bubalus bubalis from data in table 14 of
Grubh (1974) as 2·0% of live weight. Combining these two
estimates gave total muscle mass as 37·1% of live weight.

The percentage of  fat present in carcasses dressed
for meat preparation, averaged across Bos taurus,
Bos indicus and Bubalus bubalis, is 6·4% of live weight
(Charles & Johnson 1972). For Bos taurus, the mass of
fat, other than that in the dressed carcass, is 8% of live
weight (Competition Commission 1985), giving a total
fat content of 14·4% of live weight. The remaining body
components, the hide and the blood, were taken to be
7% and 3% of live weight, respectively (Competition
Commission 1985).

We took the total mass of edible tissue available to
vultures on a typical carcass to be the sum of these
components. The hide of cattle and buffaloes is often
removed for leather production soon after death, so

we assumed arbitrarily that the hide was only available
to vultures on half  of carcasses. After conversion to
percentages of  total edible tissue, the masses of  the
different body components are: liver 2·1%, kidneys
0·6%, alimentary tract and other offal 16·8%, muscle
51·5%, fat 20·0%, hide 4·9% and blood 4·2%. We took
the diclofenac concentration measured in samples of
intestine to apply to the whole alimentary tract and to
offal other than liver and kidney, and the concentration
in samples of muscle to apply also to hide and blood.

   
    
 

The average diclofenac concentration in the edible
parts of the entire carcass was calculated separately for

Fig. 1. Concentration of diclofenac in tissues of cattle
slaughtered at different times after administration of the final
injection of a course of the drug. Symbols and lines on each
panel represent results and models from experiment 1 with
Bos indicus (diamonds, solid line), experiment 2 with young
Bos taurus (squares, dashed line) and experiment 3 with
mature dairy cows Bos taurus (triangles, dotted line). Each
point is the datum for a single animal. Fitted piece-wise models
are shown in which concentration declines exponentially with
time. For each tissue, the initial rapid rate of decline changes
to a slower rate after a certain interval. The timing of this
change and the decline rates were modelled as being the same
for a given tissue for all trials, but the intercepts were allowed
to vary among trials (Table 1).
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experiments 1 and 2. We considered it inappropriate
to perform this calculation for experiment 3 because
the first animals were slaughtered after the transition
time. For each experiment and each hour after the last
injection, we multiplied the diclofenac concentration
for each tissue, obtained from the fitted model, by the
proportion of the edible mass of the entire carcass that
is made up of each tissue (see above). We then summed
these products to obtain the weighted mean diclofenac
concentration for the entire carcass. We did not have
measurements of diclofenac concentration for fat in
experiment 1, or for intestine in experiment 2, so
experiment-specific a values were not available to use in
the calculations for these tissue experiment combina-
tions. To overcome this, we calculated the means, for
each of the two experiments, of the a values for the three
tissues, kidney, liver and muscle, that were measured in
both. To estimate the a value for fat in experiment 1, we
took the a value for fat in experiment 2, added the mean
for the three tissues from experiment 1 and subtracted
the mean from experiment 2. To estimate the a value for
intestine in experiment 2, we took the a value for intestine in
experiment 1, added the mean for the three tissues from
experiment 2 and subtracted the mean from experiment 1.

  G. B E N G A L E N S I S    
 - 

Following Swan et al. (2006b), we assumed that a wild
vulture would ingest 1·023 kg of various tissues from the
carcass of a treated animal in a short time. This quantity
of  food would sustain a free-living G. bengalensis for
3 days. We assumed that the average concentration of
diclofenac in the food was the same as the average for
all edible parts of the carcass, obtained from the fitted
model, as described above. This concentration was
multiplied by 1·023 and the product was divided by
4·75 (the average mass in kg of G. bengalensis; del Hoyo,

Elliott & Sargatal 1994) to give the ingested dose in mg
kg−1 vulture body weight. We then used dose–response
models fitted by probit analysis by Swan et al. (2006a)
to experimental data for captive G. bengalensis from
Oaks et al. (2004), which estimated the relationship
between the rate of diclofenac-induced mortality and
the dose of diclofenac ingested. We used two versions
of the model, which were fitted with and without data
from an outlier, a vulture that died with visceral gout
after apparently receiving a very low dose of diclofenac
(Swan et al. 2006a).

Results

    
       


Diclofenac concentration declined rapidly (half-life 6–
8 h) in fat, intestine kidney and liver up to the transition
time (25–46 h), after which it declined more slowly (half-
life 35–57 h; Fig. 1 and Table 1). The concentration in
muscle declined more slowly than in other tissues (half-
life 15 h) and the transition occurred later (98 h). The
models fitted the data reasonably well for all five tissues
(Fig. 1 and Table 1). There was a non-significant tendency
(Pearson r3 = 0·687, P = 0·20) for those tissues with a
long half-life in the period before the transition to also
have a relatively long half-life after the transition.

In all three experiments, diclofenac concentrations in
kidney and liver were considerably higher than those in
muscle (Fig. 1). Concentrations in intestine approached
those in kidney and liver and were higher than those in
muscle. Concentrations in fat were intermediate. For
a given tissue, diclofenac concentrations tended to be
higher in experiments 2 and 3 than in experiment 1
(Fig. 1). Hence the estimated average diclofenac
concentration in the entire carcass was considerably

Table 1. Estimates of the parameters of piece-wise models relating tissue concentrations of diclofenac in mg kg−1 wet weight to
the time in hours since the last injection. Details of the models are given in the Methods. aij is an intercept specific to the ith tissue
and jth experiment, bi.1 is the exponential rate of decline of diclofenac concentration in the ith tissue between the last injection and
the transition time ti* in hours, bi.2 is the rate of decline after the transition time and si is the residual standard deviation. Half-life,
in hours, was calculated as loge(0·5)/b for the periods before and after the transition. Values of aij in italics are for experiment–tissue
combinations for which observations were not available and were calculated using the mean of a values for kidney, liver and
muscle (see Methods). Also shown is the Pearson correlation coefficient r between observed and modelled concentrations

Parameter

Parameter estimates

Fat Intestine Kidney Liver Muscle

ai1 –0·7077 1·4120 1·1095 0·5490 −2·2125
ai2 0·1192 2·2389 1·4048 1·2441 −0·7222
ai3 0·5202 – 2·1658 1·6468 −0·5331
bi.1 −0·09916 −0·11538 −0·08775 −0·08347 −0·04684
bi.2 −0·01982 −0·01208 −0·01554 −0·01435 −0·01021
ti* 25·19 41·76 45·83 42·73 98·34
si 0·6760 0·3256 0·4551 0·3858 0·7326
Half-life1 6·99 6·01 7·90 8·30 14·80
Half-life2 34·97 57·37 44·60 48·30 67·89
r 0·646 0·997 0·895 0·979 0·698
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higher at all times after the last injection for experiment
2 than experiment 1 (Fig. 2).

  G. B E N G A L E N S I S    
 - 

The average diclofenac concentrations in tissues of the
cattle experimentally treated with the drug were suffi-
cient to cause appreciable mortality in vultures that fed
on the carcass of  an animal that died within 1–4 days
of the last treatment (Fig. 3). Vultures that ingested the
average concentration across all tissues would receive a
sufficient dose to kill > 10% of birds if  a treated cow had
died within 33 h (experiment 1) or 59 h (experiment 2)
of the last injection. These results are for the dose–
response model that includes the datum from an outlier
(see the Methods). If  the version of the model that
excludes this datum is used, then the equivalent times
are 9 h (experiment 1) and 19 h (experiment 2).

Vultures that fed exclusively on tissues with higher
than average concentrations of  diclofenac would be
at risk over a much longer interval after treatment. For
example, if  birds were to feed only on liver they would
receive a sufficient dose to kill > 10% of them if the treated

cow had died within 56 h (experiment 1) or 105 h
(experiment 2) of the last injection (model including
the outlier). If  the dose–response model that excludes
the outlying datum is used, the equivalent times are
19 h (experiment 1) and 28 h (experiment 2).

Discussion

Our study demonstrates that diclofenac concentrations
in the tissues of treated cattle decline rapidly with time
after the last injection. However, enough diclofenac
remains to cause appreciable mortality (> 10%) if  birds
were to take a large meal from the carcass of an animal
that was given its last dose of the drug within a few days
of death, although the relationship of mortality to the
time since injection was affected by the version of the
dose–response model used. Lower mortality rates were
calculated if  a vulture that died with visceral gout after
apparently ingesting a very small dose of diclofenac
was excluded when fitting the model. However, for
reasons given by Swan et al. (2006a), it is unclear
whether the results for this bird should be included in
the calculation or not. Hence, we present calculations
based upon both versions.

Fig. 2. Concentration of diclofenac in various cattle tissues in
relation to the time between administration of the final injection
of a course of the drug and slaughter. Models are the same as
those presented in Fig. 1. The thin lines on each panel represent
results for different tissues. The thick line shows the estimated
diclofenac concentration averaged over all parts of a carcass
that are available to vultures (see text). The upper panel shows
results from experiment 1 with Bos indicus and the lower panel
shows results from experiment 2 with young Bos taurus.

Fig. 3. Proportion of Gyps bengalensis estimated to be killed
by diclofenac in relation to time between administration of the
final injection of a course of the drug and the death of the
treated cow (see text). Results are shown separately for a dose–
response model fitted to all data from the experiments of Oaks
et al. (2004) (solid line) and after excluding an outlier (dotted
line). The upper panel shows results from experiment 1 with
Bos indicus and the lower panel shows results from experiment
2 with young Bos taurus.
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The treatment regimes used in our experiments are
likely to be broadly comparable with practice in the Indian
subcontinent. In India, the recommended veterinary
course of diclofenac for cattle and buffaloes is 1·0 mg kg−1

on each of 3 consecutive days. This is the dose we used in
experiment 1, although only one injection was administered
rather than three. Given the short half-life of diclofenac
in cattle tissue, giving a course of three injections at 24-h
intervals would probably have elevated tissue concentra-
tions by a modest amount. In Pakistan, the recommended
course is 2·5 mg kg−1 on each of 3 consecutive days. This
daily dose level was used in experiments 2 and 3, although
injections were given for 6 rather than 3 days. It seems
likely that larger doses of diclofenac than recommended
are sometimes used in practice in India. The highest
concentrations of diclofenac found in liver from live-
stock carcasses sampled in the field in India were up to
three times the maximum we found in liver in these
experiments (M. Taggart, manuscript in preparation).

The average concentration of diclofenac in the entire
edible carcass is likely to be affected by the number of doses
and particularly the daily dose level. The concentration was
higher in experiments 2 and 3, in which 2·5 mg kg−1 was
used, than in experiment 1, in which the dose was 1·0 mg
kg−1. In experiment 2, the ratio of the diclofenac concen-
tration in the entire carcass, calculated over the first 24 h
after the last injection, was 2·58 times that for experiment
1; a very similar ratio to that of the dose levels used. The
estimated concentration of diclofenac in the entire edible
carcass immediately after the last injection (calculated as
for the intercepts in Fig. 2) was about two-thirds of the
amount of diclofenac injected into the cattle per kilogram
of edible tissue in both experiments (experiment 1, post-
injection carcass concentration 0·91 mg kg−1 cf. 1·39 mg
kg−1 drug injected; experiment 2, carcass concentration
2·19 mg kg−1 cf. 3·47 mg kg−1 drug injected, given that 72%
of the live weight consists of edible tissues). However, it
should be noted that several other things differed between
the experiments, such as the species of cattle, the number
of injections given and the laboratory where the diclofenac
assays were performed, so the difference in tissue con-
centration cannot be attributed unambiguously to the
difference in the amount given per dose.

The concentrations of  diclofenac we measured in
tissues of cattle in our experiments are broadly similar
to results reported by Oaks et al. (2004) for a Bubalus
bubalis that was slaughtered 4 h after receiving the last
of three daily injections of diclofenac at 2·5 mg kg−1.
Diclofenac concentrations in the kidney, liver and muscle
of this animal were 5·7, 1·5 and 0·76 mg kg−1, respectively,
compared with values of 2·87, 2·48 and 0·40 mg kg−1 for
the same tissues of young Bos taurus, estimated 4 h after
the last treatment from the results of experiment 2.
When expressed as normal standard deviates using the
residual standard deviation from the model, the values
for Bubalus bubalis are +1·51, −1·31 and +0·87 relative
to the modelled values for young Bos taurus. Hence the
differences are well within the expected range. However,
the values observed for the Bubalus bubalis are high

relative to the modelled values for Bos indicus from
experiment 1 (2·14, 1·24 and 0·09 mg kg−1, or +2·16,
+0·49 and +2·90 as standard normal deviates). The
better agreement of the Bubalus bubalis data with the
expected values from experiment 2 than experiment 1
may be because the Bubalus bubalis and the Bos taurus
in experiment 2 both received the same daily dose of
diclofenac (2·5 mg kg−1), whereas the Bos indicus in
experiment 1 received a much lower dose (1·0 mg kg−1).

Our findings are of  practical value for efforts to
prevent the extinction of critically endangered vulture
species in two main ways. First, they extend the experi-
mental results of Oaks et al. (2004) by measuring the
period after treatment for which contamination of cattle
tissues causes vulture mortality. This new information
is being used to develop a more realistic version of the
model, described by Green et al. (2004), of the relation-
ship between the prevalence of diclofenac in ungulate
carcasses and vulture population trends. From this, it
should be possible to ascertain more accurately, from
field surveys of diclofenac residues in cattle and buffalo
carcasses, whether a sufficient proportion is contaminated
with diclofenac to account for the observed vulture
population declines. Better means of interpreting such
surveys will be essential for monitoring the effectiveness
of future action taken to remove diclofenac from the
food supply of vultures, such as government measures
to restrict veterinary use of diclofenac and encourage
its replacement by meloxicam (Swan et al. 2006b).
Secondly, the findings are useful for the husbandry of
captive vultures being held for captive breeding and
future reintroduction projects, and the supplementary
feeding of wild vultures at ‘vulture restaurants’, which is
intended to divert them from feeding on contaminated
tissue. Our results indicate that these birds are likely to
be safe from diclofenac poisoning if  they are fed on
carcasses of cattle that are known not to have been treated
with diclofenac within about a week before death.
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