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ABSTRACT

Birds are commonly used as biomonitors of enviromaepollution, with most tests
involving invasive or destructive sampling techreguThe need to develop and validate
non-invasive techniques has long been recognised Blood, eggs, feathers or guano,
the last shows most promise in this field. Howateonstitutes both faecal and urinary
excretions. The faecal component has serious acellgrawbacks from digestive
processes and being comprised of both bio-avaikadeunabsorbed components. In
contrast the typically white urine part of guanpresents substances emanating entirely
from within the bird. Despite the analysis of urifoeinalysis) being widely and
successfully used in mammals, its limited applarato date in birds is at best
misguided because it disregards the nature of amiae. This thesis endeavours to
show how the analysis of the (normally discardetifscomponent of avian urine may
provide a quantifiable measure of both environmerafiutant exposure and
endogenous stress hormone concentrations in ihdsliterature is reviewed with
regard to birds as biomonitors of the environmerat thhe use of non invasive sampling
technigues, especially excreta collected from aiidnals including birds. Avian renal
physiology and urine composition is described wfhlecific reference to current avian
urinalysis methods and how these compare with tbpgsed use of avian urate spheres
(AUS) for biomonitoring. It is also shown how theimineralisation process of AUS
formation is relevant to their collection, extractiand chemical analysis from bird
guano. To investigate if AUS contents could be weed measure of a bird’s
environmental pollution exposure, concentrationkeatl, copper and zinc, were
determined in urate spheres from domestic chick@aBus domesticus) exposed to a
soil contaminated by these metals. Furthermordtamat was made to compare metal
concentrations in AUS with eggs, feathers and wigakno from the same birds. The
results suggested AUS contained higher levelsettntaminating metals in exposed
birds compared to control birds. However the airaltow the utility of AUS for
biomonitoring the birds’ metal exposure was notiedd because of experimental
design limitations. A similar investigation was itad out into the suspected exposure
of nestling seabirds to elevated metal concentratio their fish diet. Metal
concentrations in urate spheres from the seabielle measured along with those in
various body tissues of their young. This metalysis, although limited by small
sample size, provided no evidence of an elevatpdsexe when compared with values
reported in the literature. Subsequent reanalyssdier tested fish samples showed
normal metal concentrations, suggesting the eadigorted fish data had been
incorrect. To determine if AUS can be used to memabiologically relevant levels of
the avian stress hormone corticosterone, a sefrigperiments is described using
captive great titsRarus major). These involved the ELISA detection of excreted
corticosterone in AUS extracts. The suppressiveaese to dexamethasone
administration was measurable in AUS from thesdshisuggesting a physiological
validation. However many issues have still to s®heed concerning this method of
measuring corticosterone levels in birds. The di/@raling of this thesis is that the
analysis of AUS may have potential value as a n@sive sampling method to

biomonitor environmental pollution and stress irdbi
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Chapter 1.

I ntroduction

Birds through the ages have been employed as biton®of our environment in many
and diverse ways. Widely recognised examples arérdt swallow heralding the UK
summer, gulls locating shoals of fish out at seh@anaries detecting gas down a mine.
Currently avian biomonitoring can employ a widegamf sampling techniques
(Sutherland et al., 2004), with it being preferaoleeplace destructive, by non-
destructive or non-invasive methods (Fossi etl@B9). A commonly used non-
invasive technique involves the analysis of exc(€taame, 2003). The literature
reports that concentrations of environmental toxintheir biomarkers in avian excreta
can be used to quantify local pollution (Fitzne&99%; Dauwe et al., 2000; Fossi et al.,
1996), while excreted hormone metabolites can deter a bird’s endocrine status
(Goymann et al., 2002). This thesis explores tigyudf the urine fraction of avian
guano as a non-invasive sampling method to biorapeitvironmental pollution and

stress.

1.1. Theimportance of avian biomonitoring

Biomonitoring entails measuring changes in biolaggystems in response to
perturbations of their environment. These upsetsheawide ranging and may be
physical in nature such as habitat destructiorhenmgcal from specific pollutants
(Walker et al., 2001). An important characteristi@ biomonitor is that it only detects
bioavailable changes, which impact on the bioldgigatem being monitored. The
value of biomonitoring is highlighted in the cagerterpreting pollutant concentrations
in the environment; such concentrations tell uimgt about actual biological harm
without knowledge of the pollutant’s bioavailakylifRuby, 2004). The bioavailability
of a pollutant can be complex, depending on maatpfa including its interaction with
other substances in the environment and its prayefios absorption, metabolism and
excretion by an organism (Ruby, 2004). As a resulhese complications only
biomonitoring can provide information on a pollutarbioavailability and so its actual
biological harm.



As birds are highly visible, wide ranging and ubiqus higher animals, they represent
ideal sentinels for monitoring environmental patbatand degradation (Hollamby et al.,
2006).

1.2. Theutility of avian urinalysis

The analysis of urine (urinalysis) for monitoringdily functions and exposures has
wide applications in man and other mammals (Do%£6%3). The end product of
nitrogen metabolism in birds is predominantly waed, which being sparingly soluble
dictates that solid urate spheres are excretetdogtian urinary system (Braun, 2009).
Approximately 5% of each urate sphere by dry maseium albumin derived from the
bird’s blood stream (Casotti and Braun, 2004), whhrs protein is the major carrier of
blood borne substances (Peters, 1996). The mastitt@nt of these urate spheres is
uric acid, which across diverse bird species coasity makes up 65% of the spheres’
dry mass (Casotti and Braun, 2004). This constalutevallows for the hypothesis that
the various sequestered substances in sampleatefapheres can be quantified against
uric acid content. In this respect the analysiawaéin urate spheres represents an ideal
urinalysis technique to measure blood borne substawithout the need to take blood
samples.

1.3. Thesisaims

The overall aim of this thesis is to test the hjpesis that measurement of
environmental contaminants and stress hormondgeisdlid component of avian urine,
principally composed of urate spheres, is a vabid-imvasive sampling technique when
using birds to biomonitor environmental contamioatand stress.

The objectives of this thesis are broadly to:

1) Develop a method of separating urine from fa@eééd guano;

2) Quantify the concentrations of chemicals ingR&acted urine samples against uric
acid content to allow sample comparison;

3) Devise and carry out experiments to measuréeatsm of suitable substances

excreted in bird urine in order to validate thisthoel of avian urinalysis.

1.4. Thesisoutline

The thesis may be broadly divided into four sedjaeflecting my research into avian
urinalysis. The first section (Chapter 2) revidivs literature on birds as biomonitors of
the environment and how avian renal physiology ples the rationale for using the

solid component of bird urine as a non-invasivermaitoring technique.
2



The second section (Chapters 3 and 4) reportsuoiiestusing avian urate spheres to
determine metal exposure in birds and comparesdvistechnique with currently used
destructive and non-destructive methods. Chaptep@rts on a project to measure lead
(Pb), copper (Cu) and zinc (Zn) concentrationgxtmacted urine from domestic
chickens kept on soil contaminated by these heatalshand compares them with
concentrations measured in eggs, feathers and du@ndhe same birds. As a control,
similar samples were analysed from unexposed bdapter 4 is an account of an
investigation into the suspected heavy metal comat®d fish diet of nesting seabirds
on the Farne Islands off the coast of Northumberiarthe UK. This chapter compares
metal concentrations in urate spheres from guapogis with various body tissues
from dead nestlings and their fish diet.

The third section (Chapter 5) describes the devedny of a method to measure levels
of the stress hormone corticosterone in birds byatialysis of their urate spheres. This
involved the experimental manipulation of the strlesrmone (corticosterone) in
captive great titsRarus major).

The final section (Chapter 6) draws conclusionaifthis research and discusses how
future studies may resolve issues relating to Hielation of this proposed method for

avian urinalysis.

1.5. Conclusions

Birds are recognised sentinels of environmentahghaut to date avian biomonitoring
predominantly involves detecting population chan@sakall, 2000) or pathology in
birds found dead (CEH, 2003/04). Consequently tisha@ages record post-impact
effects that once identified may be difficult toveese, which is a corollary to the current
predicament over measuring climate change (Solaghah, 2009). A better approach
would be to repeatedly monitor pollutant conceidret in living birds enabling action

to be taken before lethal concentrations are rehchee proposed technique of avian
urinalysis presents a widely available non-invasiaepling method in birds, which
could enhance their use as biomonitors and all@aepnptive assessment of

environmental changes.



Chapter 2.

A review of theliteraturerelevant to using bird urine asa new

biomonitoring technique

2.1. Introduction

This chapter reviews the role of birds as biomasitaf the environment and the use of
non invasive sampling techniques, more especiallyguexcreta from wild animals.
Avian renal physiology and urine composition arsalied, with specific reference to
comparing current avian urinalysis methods withphesposed use of avian urate
spheres (AUS). The process of AUS formation by lm@malisation is explained and its
relevance to the collection, extraction and chehanalysis of urate spheres from bird

guano.

2.2. Birds as biomonitors of the environment

A typical definition of a biomonitor ian organism that is sensitive to, and shows
measurable responses to, changes in the envirorsuemias changes in pollution
concentrations (US EPA).

Man has observed birds for a long time and frormthas gained valuable insights into
the environment. A classic example is fishermeseatstill to this day use flocking
birds to locate shoals of fish, even in this higthtage of sonar detection. Birds being
so visible also elicit concern in the general pullhen they become absent from
increased mortality or failure to return in theea$ migratory species (Bird Life
International, 2008). The sudden decline in raptgulations in the 1960s alerted the
world to the unforeseen consequences of widespresticide use, notably dichloro-
diphenyl-trichloroethane (DDT) (Walker et al., 200ore recently a similar
population decline of vultures in South Asia hasusted from the use of the drug
diclofenac in farm stock (Green et al., 2006; Swhal., 2006). Such occurrences, it
could be argued, make a lasting impression on palwareness of environmental
toxicology issues. As a consequence many bird raong groups similar to those in
the UK exist around the world, which study differaspects of avian population
dynamics (Peakall, 2000). Such studies alert ehémges in bird population abundance
and distribution, categorising different specieseims of their vulnerability, with those

on the World Conservation Union (IUCN) Red Lis¢jng most at risk of extinction
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(Butchart et al., 2004). The decline of birds sasthhe grey partridgd®érdix perdix)

and sky lark Alauda arvensis) in Britain is blamed on modern farming practieesl as

a result of public and political pressure has teddhemes rewarding farmers for using
more environmentally friendly production methodsdRall, 2000).

However bird monitoring restricted just to popidatstudies only measures impacts
which have occurred, by which point it may be taiIto reverse the damage. For this
reason a more pre-emptive approach is called foergvbird sampling will alert us to
developing problems such as rising body conceptratof pesticides, in advance of
them reaching fatal concentrations. An exampldisfis the Predatory Bird Monitoring
Scheme (PBMS) run by the Centre for Ecology andrblgd)y (CEH) in the UK (CEH,
2003/04). The PBMS is a long-term monitoring prognae, set up in the 1960s, to
measure concentrations of certain pollutants ifitiees of discovered carcasses and in
un-hatched addled eggs of selected predatory pedias. These pollutants include
organochloride pesticides, polychlorinated biphsngiercury and anticoagulant
rodenticides. The programme’s rationale is thatlgt@ry bird species are more prone to
poisoning due to bioaccumulation, as they are po&t at the top of food chains
(Walker et al., 2001). The PBMS is however limitedstudying only a few samples
found by chance. For example in 2003 the total remolb carcases submitted for
analysis consisted of only 68 barn owls, 43 spamawks and 39 kestrels (CEH,
2003/04), which constituted only a very small fratof the total UK raptor population.
In this respect there is a clear need for a mode wanging sampling technique, to
enable the measurement of pollutant concentratroasvider proportion of such bird

populations.

2.3. Sampling techniquesfor biomonitoring

From the many sampling techniques employed to vsa &pecies as biomonitors
(Hollamby et al., 2006), the non-destructive methbdld the most promise (Fossi,
1994). Destructive monitoring methods from cullangd post-mortem sampling are
finite and although unsavoury may be more acceptiabthe public if very common or
pest species are used (Hollamby et al., 2006).xamele is the use of house sparrows
(Passer domesticus) (Swaileh and Sansur, 2006) or feral piged@dfmba livia) (Nam

et al., 2004b; Loranget al., 1994), to monitor urban metal pollution. However
destructive methods in dwindling populations, esgibcfor the purpose of enquiring
why they are in decline, would clearly be questimeaEven when a sampling method

is defined as non destructive such as blood cadecit may constitute invasive and
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stressful interference to the animal (Kurien et2004). This could for example scare a
bird from its nesting site or cause other unforasgmsequences leading to its further
decline. In this respect non invasive or non dishg methods are preferable for
endangered species (Fossi et al., 1999); havingeasurable effect on the animal or on
the parameters being studied such as stress hosni@ogmann et al., 2002). These
non-disturbing methods sample materials remainftey the animal has vacated a site,
and may include: excreta, hair, feathers or unbeteeggs (Sutherland et al., 2004).
Each of these methods has its limitations and oethod may be more suited than
another to measure the parameter being monitosenteta may be dispersed or
contaminated after being passed; hair and feathaysonly be shed seasonally as
during a moult and eggs will only monitor femaledsiin the breeding season. The
uptake, assimilation in tissues and excretion ®@frenmental chemicals to which birds
are exposed can vary respectively with bioavailghjRuby, 2004), tissue type (Nam et
al., 2005) and physiological status (Finley andt&ig1978). Of the non-disturbing
sample materials collected the most widely usexkeseta, more especially faeces.

2.4. A brief overview of faecal and urine sampling techniques

In human and veterinary medicine faeces and ur@ve la wide range of applications
for clinical diagnostic tests, described respetyias coprological and urological
sampling techniques (Doxey, 1983). Ingested poistissrders of the digestive system
caused by bacterial, viral and parasitic infectiand organ disorders such as pancreatic
insufficiency and liver damage can all be detettgdhonitoring of faecal samples
(Doxey, 1983). Urine, likewise, is used to detasbdders specific to the urinary system
such as urolithiasis (stones), bladder infectitungours and several types of kidney
disease (Doxey, 1983). Urine analysis has a walege of applications than faecal
analysis because it can reflect concentrationsasfynblood constituents, so measuring
conditions throughout the whole body. Some examglesex hormones for
reproductive status (pregnancy tests); metabdhtesietabolic disorders (ketosis and
diabetes) and blood borne toxins or pharmaceut({€agey, 1983). Added to this,
urinary proteomics is emerging as a powerful noragive tool for the diagnosis and
monitoring of many human diseases (Hanash, 2008yding coronary artery disease
(Zimmerli et al., 2008).

For human biomonitoring (HBM), blood and urine byefar the most approved

matrices to measure human exposure to chemicalasues (Angerer et al., 2007).



Consequently, | propose urine rather than faeqaesents a better matrix for
biomonitoring in birds.

This is based on there being more diagnostic agpdics for using urine compared with
faeces, combined with the complications of diet diggstive processes on faecal
samples (Klasing, 2005) and their complex extoscprotocols (Palme, 2005).

In the field of experiments on domestic and labmyaanimals, metabolism cages are
widely used to collect faecal and urine samplegi@uet al., 2004; Wasser et al.,
2000). Typically the purpose is to measure fooaslidpility or excreted metabolites or
chemicals such as hormones and drugs. Howevepthplication of faeces and urine
co-mingling commonly occurs in female test indivatBiunless catheterisation is
employed (Kurien et al., 2004). Such a problemm@@gous to birds that pass faeces
and urine as a single entity called guano fronrttleiaca, which makes separate
analysis difficult (Palme, 2005).

2.5. Sampling of wild animal excreta

In free living wild animals unlike under domesticlaboratory conditions (Kurien et al.,
2004), the collection of urine is impractical witlicapturing and usually
catheterization of individual animals. For thisgea urine sampling in such cases is
rarely reported in the literature, with the exceptof snow urine. Snow urine collection
from wolves (Hausknecht et al., 2007; Valiere aathdrlet, 2000), elk (Pils et al., 1999;
DelGiudice et al., 1991) and seals (Constable.e2@06) is possiblehen urine freezes
after being passed in subzero temperatures anceserped for later collection. Such a
method clearly has limited applications for mostdvanimals.

Faecal samples however are easily collected aftananal vacates a site, avoiding
observer interference. An added advantage of fasdhat the gross morphology is
often species-specific (Chame, 2003). The easytifaztion and ready availability of
faeces may explain the many reported applicationfakcal analysis in non-invasive
sampling studies of wild animals, such as sex énegshormone analysis (ANYAS,
2005; Dehnhard et al., 2001; Foley et al., 200@)upon derived liver damage in birds
(Fossi et al., 1996) and heavy metal ingestion {Zaet al., 2000; Pokorny, 2004;
Fitzner, 1995).

However when quantitative measurements of faegatitaents are required such as
the concentrations of excreted stress hormonest(Moal., 2005); faecal composition
can have a marked effect on concentrations evdnnithie same individual (Klasing,

2005), giving inconsistent results (Goymann et2806). This problem arises because
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there is no single constant parameter in faecesnsigwhich constituent concentrations
can be measured. In contrast, in urine sampleatiome is used to compensate for
fluctuations in composition i.e. dilution (Pilsat, 1999). Measuring faecal constituents
against dry matter is reported to resolve this lemol(\Wasser et al., 2000). However
this only removes the complication of faecal watamtent and does not compensate for
variations in food digestibility, which can changgh diet and transit time (Klasing,
2005).

Taking these factors into consideration it wouldhiiest advantageous if a method of
non-invasive urine sampling could be devised feefliving animals, which does not
require capture or direct interference. | hypotbeshis requirement may be feasible in
respect to free living birds. The grounds for tiypothesis stems from birds being
uricotelic, excreting mainly uric acid as the emdduct of nitrogen metabolism.

As uric acid is practically insoluble (McNabb anatNabb, 1980), vast amounts of
body water would be wasted if it was to be passeal solution in avian urine. To
overcome this problem a mechanism of biomineratisgiMann, 2001) packages the
urinary excreted uric acid with protein as minytbexes (Janes and Braun, 1997),
which birds pass as a white paste-like suspen3ischppp et al., 2007). As the solid
component of avian urine, these avian urate spl{atgS), can be collected
noninvasively after a bird has vacated a site.

2.6. Bird urine composition and physiology
2.6.1. Urine composition

Bird urine is typically white with a paste-like cgistency (Tschopp et al., 2007);
however most authors define avian urine as thedigupernatant following centrifugal
separation from the solid urate fraction (Styled Bhalen, 1998). This may be because
the supernatant provides a urine sample which ap&ailar in nature to mammalian
urine. Furthermore this liquid component can als@balysed in a comparable manner
for specific gravity and chemical constituents (&yand Phalen, 1998). However this
fluid is only a small fraction of the true urinetput of the avian kidney because the
majority of urinary excreted solutes reside in A¢S (Casotti and Braun, 2004). AUS
(Fig. 2.1A & B) are an example of biomineralisethapulitic structures (Taylor and
Simkiss, 1989). The apparent fold in the centreawfh sphere seen in the light

microscope view (Fig. 2.1A) is a product of lightarference (Folk, 1969; Canti, 1998)
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and so not seen in the electron micrograph (FIBR.Typically AUS are composed of
65% uric acid combined with 5% serum proteins, \audladed inorganic ions mainly of
potassium, sodium and calcium (Casotti and BraQ@4}® Although the process of
urate sphere formation is common to all uricoteliganisms, which along with birds
include reptiles, molluscs and insects, the exextiemical mechanism of their

synthesis is still unknown (Casotti and Braun, 2004

A B

Figure 2.1. A: Medium power light microscope view and B: Sciaugn
electron micrograph of urate spheres from a domekicken Gallus
domesticus).

2.6.2. Urine formation

It is believed the purpose of urate sphere formataan evolutionary solution to
packaging the poorly soluble uric acid for excreti@/ithout this mechanism, uric acid
would, under the normal process of crystallisatpmecipitate as larger plate-like
crystals and inevitably block the renal tubule €&aand Braun, 1997).



Figure 2.2. A simplified diagram of the avian upper nephroowimg
the blood supply and site of urate sphere forma#orifferent arteriole
B: Efferent arteriole C: Afferent portal vein D:abular sinus E:
Efferent portal vein F: Glomerular filtration G: ular reabsorption H:
Tubular secretion I: Urate sphere formation in pmed tubule lumen.

This process of solute precipitation in the fornuadte spheres (Fig. 2.2.) significantly
contributes to the avian proximal tubule achiewimg reported 95% re-absorption of
filtered water (Goldstein and Skadhauge, 2000)s Thbecause the formation of urate
spheres takes out of solution many osmoticallyactblutes such as uric acid, alboumin
and inorganic ions (Janes and Braun, 1997). Theceztlosmotic potential of the

filtrate makes it easier for water re-absorptiopr@cess linked to active sodium uptake
by the tubule cells (Brokl et al., 1994). Aftervazg the proximal tubule the liquid
fraction of the filtrate may be further concenttgta the case of mammalian-type
nephrons, which have loops of Henle (Goldstein $kaldhauge, 2000). However no
further modification to the urate spheres occuliefong their formation in the lumen

of the proximal tubule (Casotti and Braun, 2004).
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Figure 2.3. Diagram of a histological section of a renal labfitbm a
domestic fowl showing the location and morpholofjyhe two nephron
types: medullary (mammalian) and cortical (reptijialhe black part of
these nephrons (intermediate segment) only fortoemof Henle in the
medullary nephron (from King and McLelland, 1975).

In birds arginine vasotocin (AVT) is equivalenttbe anti-diuretic hormone (ADH) of
mammals, which reduces an animal’s water loss hgeatrating its urine. This is
achieved by a combination of reducing the glomerilkaate rate (GFR) through
vasoconstriction, and increasing water reabsorgdijoanhancing tubular permeability
(Goldstein, 2006). It is widely stated in the lgrre that compared to mammals, birds
have a limited ability to concentrate urine abdvat bf plasma (Braun, 2003). The
explanation for this being that many birds havegh Ipercentage of reptilian (cortical)
nephrons (Fig. 2.3), which lack the loop of Henlegent in mammalian (medullary)
nephrons, essential for urine concentration by AM@ntzler, 2003).
Hummingbirds,being an extreme example, have >99%tuci reptilian type nephrons
(Casotti et al., 1998), making them totally unatbl@roduce urinehyperosmotic to
plasmaLotz and Martinez del Rio, 2004). However thisyordlates to the residual
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fluid fraction of avian urine leaving the nephramdagnores the enormous water-

preserving benefit of urate sphere formation (Gelitisand Skadhauge, 2000).
2.6.3. Post renal modification of ureteral urine

To compensate for possessing reptilian type neghiturds have a strategy to retrieve
water (and sodium) from their urine by a procesgadt-renal modification (Laverty
and Skadhauge, 2008). This involves the refluxoofe ureteral urine into the avian
lower bowel, constituting the coprodeum, colon aadcal sacs (Fig. 2.4.). For example
in the emu Dromaius novaehollandiae), which has almost exclusively reptilian type
nephrons, water is reabsorbed from urine refluréa the lower bowel. While in the
opposite and unique case of the ostriahuthio camilus), with predominantly
mammalian type nephrons, no post renal water reptiso takes place (Laverty and
Skadhauge, 2008). This is in part a consequenteadstrich having a functional
urinary bladder (Fig. 2.4B), which precludes amfyuseof urine into the lower bowel
(Duke et al., 1995).

A

B

Figure 2.4. Sagittal sections through the lower bowel and cdoaf A:
domestic fowl Gallus domesticus) and B: ostrich &ruthio camilus),
yellow signifies urine, showing respectively thetikan and mammalian
adaptations to post renal handling of urine in$i@fter Laverty and
Skadhauge, 2008).
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As a result of urine reflux, some urine becomeisnately mixed with faecal excreta in
birds prior to its evacuation as guano. In the cd$eambel’s quailCallipepla

gambelii), over 60% of the excreted urate spheres are dedria the process of urine
reflux (Braun, 2009 Fig. 2.5). The relevance oharreflux to avian urine analysis is
that a substantial quantity of urine in the fornucdite spheres may not be available for
analysis. Furthermore the faecal component of gualhoepresent a mixture of
excreted metabolites originating from both the rema digestive systems. To illustrate
this point several studies measuring excreted hoenmeetabolites in bird guano
describe them as exclusively faecal concentrafi@hbrAS, 2005). However as birds
have been shown to have similar excretion routesaimmals for such metabolites,

guano concentrations include substantial amountsioary excreted hormones
(Lepschy et al., 2008).
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Figure 2.5. Graph showing the modification of urine and faecal
constituents in the lower digestive tract of Gartsbguail Callipepla
gambelii) (from Braun, 2009).

2.6.4. The avian renal portal system

Anatomically a portal system (or circulation) egisthen blood leaving an organ does
not return directly to the heart but instead enéersther organ first (Sisson and
13



Grossman, 1940). The most commonly cited examplBigis the hepatic portal
system, where blood leaving the intestine entexdivier first before proceeding to the
heart. The purpose of the hepatic portal systettmaisintestinally absorbed substances,
such as nutrients, go first to the liver for prateg prior to distribution throughout the
body via the general circulation. However a sideafof this is that some absorbed
substances are bile excreted and then reabsorhedcyiclic process is called
enterohepatic recirculation (Roberts et al., 2008 significance of enterohepatic
recirculation is that it can prolong the periodiofe chemical substances remain in the
body (Roberts et al., 2002).

In birds a renal portal system exists which incoapes several blood vessels draining
the hind end of the bird. These include the caouzdenteric vein from the cloaca,
colon and caecal sacs, also the ischiatic andreadtéiac veins from the hind limbs
(King and McLelland, 1975). The significance of ttedal mesenteric vein flowing
into the (caudal) renal portal vein is that it sliggpthe kidney with blood carrying
substances absorbed from the lower bowel. Thiseaftgortal vein blood joins that of
the efferent glomerular arterioles (see Fig. 2@hathe the tubular structures of the
nephron, where the tubular excretion phase of ddmaation takes place (King and
McLelland, 1975). A clinical consequence of theaamvienal portal system, is that a
drug given by injection into a bird’s leg, can riésu its direct urinary excretion and so
prevent its therapeutic action (Coles, 2007).

The combination of birds having a renal portal systind the process of urine reflux
into the lower bowel may result in substances beapgatedly recycled through the
kidneys. This has important implications for aviamary analysis, because it may
prolong the presence of blood derived substancesquoentially collected urine

samples.

2.6.5. Uric acid excretion

In birds, although circulating plasma urate is liyditered at the glomerulus, the
majority (about 73%) is secreted in the proximalule. This involves active organic
anion transport (OAT) from the blood at the bassEtmembrane, followed by a
cytoplasm to lumen step down an electrochemicaligra (Dudas et al., 2005;
Dantzler, 2005). This OAT mechanism has relevaadbd dramatic population crash
of South Asian vultures from diclofenac poisoni@yéen et al., 2006; Swan et al.,

2006). Diclofenac is a non steroidal anti-inflamargtdrug (NSAID), which in South
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Asia was given routinely to debilitated farm anima\s vultures in this region
commonly feed on fallen stock, which constitutegHitient method of carcass
disposal, these birds were consuming diclofenam fresidues in the carcasses. In birds
and other animals diclofenac inhibits the OAT mestiaenal tubular transport of urate
(Khamdang et al., 2002) and so this drug preveuatedacid being excreted by the
vultures’ kidneys. As a result blood uric acid cenitations became critically high in
the birds leading to fatal visceral gout (Swanlgt2®06). Added to the nephrotoxic
effect of diclofenac, this drug is also subjeceiderohepatic recirculation in animals
(Peris-Ribera et al., 1991).

Although urate secretion in the proximal tubuler@ avian nephron is far from
resolved, Dantzler, (2003) suggested it may invekscular cytoplasmic
sequestration. Such a process may provide thaliniticleation step required for urate
biomineralisation (Taylor and Simkiss, 1989). Tlypdthesis is that cytoplasmic
vesicles, acting as condensing vacuoles (Mann,)2@0ld provide a suitable confined
reaction space for the formation of spheruliticcer&uch vesicles would then release
their urate sphere contents into the lumen by exscy (Dantzler, 2003). Future
research to answer the uncertainty over urate sghenation would undoubtedly be

useful in identifying their potential for avian nalysis.

2.7. Urate spheres, aform of biomineralisation

2.7.1. Definition and example of biomineralisation

The process of biomineralisation is defined addneation of biogenic crystals
incorporating macromolecules that minimize strualtanisotropic weaknesses, under
physiological conditions (Weiner et al., 2000). § process, naming only a few, enables
the biofabrication of bones, teeth, mollusc shetid fish otoliths (Mann, 2001).
Otoliths, the least complex of these examples, grothie inner ear of teleosts (bony
fish), nourished by the endolymph, a gelatinougpsafisolutes and protein. The
constituents of the endolymph are both incorporatezhd control the otolith structure
(Tomas et al., 2004). As a result, changes in tiv@@ment or physiology of the fish,
which affect endolymph constituents, are reflectedtolith chemistry (Halden et al.,
2000; Thresher 1999). Otolith gromassh is charsetgby alternating layers of protein
and calcium carbonate, with the resulting tempbaaiding being used to age fish

(Barker et al., 1997). The biomineralisation oflibhs depends on protein acid groups
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creating localized sites of calcium ion super s#tan (Strickland-Constable 1968).
These sites induce nucleation (seeding) of vatsplkesres, which have a more charge
dense crystal structure than calcite (vaterite@7ons / nri calcite: 4.5 Ca ions /
nn). The same protein subsequently limits crystahgassh of the spherulitic vaterite
by surface encapsulation (Tong et al., 2004). Aosd@rotein creates the scaffold for
these spherical building blocks to be laid downforming the gross structure of the
otolith (Tomas et al., 2004). The otolith morphoggs by virtue of these two proteins
is consequently reported to be under genetic cbf@aliner et al., 2003). Vaterite, a
polymorph of calcite is an example of spherulitbjck is defined as a form of
abnormal crystal growth occurring under supersétdraonditions (Strickland-
Constable 1968). Vaterite can formvitro under the influence of organic acids (Tong
et al., 2004; Grassmann and Lobmann 2004) or garfeec(Wei et al., 2004), which
provide sites of high charge density; mimicking ditions createdn vivo by the

specific protein.

2.7.2. Avian urate spheres

From this description of otolith biomineralisatia®veral comparisons with avian urate
spheres can be drawn. The glomerular filtrate engitoximal tubule may be compared
to the endolymph, containing solutes and proteiftse proteins have a similar function
in both instigating formation and limiting growti the spherulitic urate. Furthermore,
variations in the concentrations of solutes infitiate could be reflected in quantities
incorporated within the urate spheres. It is regbthat numerous elements present
within the urate spheres are incorporated durieg formation in the proximal tubule
(Casotti and Braun, 2004). In vaterite formatiaw Iprotein concentrations promote
sphere nucleation while high protein concentratsungpress crystal growth by forming
a surface coat (Nys et al., 2004). Similarly awiaate spheres (Fig. 2.9.) have a central
nidus of protein and an encapsulating outer surddgeotein (Casotti and Braun,
2004).
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Figure 2.6. Section of urate sphere showing the laminatecsire
composed of a central protein nidus surrounded-dyc®ncentric narrow
rings of protein the outer most forming the sptendace (after Casotti
and Braun 2004).

The alternating layers of protein and urate (Fi§.)2nay reflect their changing tubule
concentrations, induced by glomerular filtratiomd dnbular water reabsorption.
However as urate spheres never form in the blogeh ander the hyper uric conditions
of visceral gout (Guo et al., 2005), the serumegirs present in the spheres (Janes and
Braun, 1997) are unlikely to be responsible foirthacleation. Future research into
resolving urate sphere formation in birds may veaied towards identifying the
specific nucleation protein in the proximal tubWerthermore the gene responsible for
such a protein may be common to all urate spheratig organisms.

Despite it being reported that biomineralisatioguiees specific physicochemical
conditions for biogenic structures to form (Weieeal., 2000)in vivo they commonly
incorporate many contaminants. This is illustrdigathemical residues marking events
in the formation of otoliths (Halden et al., 20@®)d also avian bones taking up lead
(Scheuhammer et al., 1999) or fluoride (Vikoren &tave 1995) from a bird’s
exposure to these pollutants. Likewise AUS are ntepdo have variable amounts of
different ions randomly spread throughout them @@taand Braun, 2004) without
apparently altering their structure.

2.7.3. Synthetic urate spheres

A further similarity with vaterite is that urate lgres can be synthesisad vitro
(McNabb and McNabb, 1980). A simple method to aohi¢his is by cooling a
saturated solution of uric acid in 1M sodium hyddex (Fig. 2.7.). This process

presumably depends on a high sodium ion concemtrati replicate the high density
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cation conditions necessary for spherulitic polypfoformation (Mann, 2001). Unlike
the AUS which are restricted to 4112 in diameter (Braun, 2003), thwe vitro spheres,
produced in the absence of protein, typically rea@im in size (Fig.2.7.). While these
artificial urate spheres are similar to AUS in lgegtable when re-suspended in absolute

ethanol or after drying.

B

Figure 2.7. Spherulitic uric acid under medium power light mogcope.
A: formation on the surface of flat plate-like dgis of normal uric acid
B: stable uric acid spheres re-suspended in ethanol

2.8. Comparing the current avian urinalysistechnique with using avian urate
spheresto measur e excreted metabolites.

2.8.1. Liquid avian urinalysis

Urine analysis (urinalysis) in avian species isdmeitig more widely used in a clinical
context (Kurien et al., 2004; Tschopp et al., 200dwever only the liquid supernatant
after centrifugal separation is analysed (StylasRimalen, 1998). This centrifugation
method disregards the potential value of analyiegsolid urate spheres, which
constitute the bulk of urinary excreted solutess@t and Braun, 2004). Because this
fluid portion may dry up or soak away, its applioatis limited (as in mammalian urine
collection) to only captive or companion birds (Kur et al., 2004). Such urinalysis is
further restricted to samples of adequate voluniégchvmay only occur in stressed
birds or those with renal pathology (Harr, 2002)s fortuitous that birds presented for
veterinary examination typically pass wet polyuttoppings because of handling and
transport stress (Styles and Phalen, 1998). Howsawar diuresis would be expected to
18



have a marked diluting effect on urine parametgrseducing specific gravity and
solute concentrations. As a result this could ngpkantitative interpretation of urine
parameters problematic. Liquid urinalysis is repdrin several bird species in the
literature; including hummingbirds (Nicolson, 20@gkken and Sabat, 2006), starlings
(Tsahar et al., 2005), pigeons (Halsema et al.81Gdadi et al., 1997), ostriches
(Mushi et al., 2001), domestic chickens (Davis, ZL92oldstein and Braun, 1989),
companion birds (Styles and Phalen, 1998), anawaiffialcons (Tschopp et al., 2007).
Faecal contamination of urine samples is alwaystarial problem because of the
shared cloacal outlet, which casts doubt on protgutose and blood concentrations in
urine samples (Tschopp et al., 2007). To avoid sacitamination renal catheterization,
also called cloacal cannulation. has been employathny experimental situations
(Goldstein and Braun, 1989; Giladi et al., 1997ctsa procedure however is not
favoured by clinicians, being highly stressfulbe bird and requiring 10 to 30 min for
collection (Styles and Phalen, 1998). For thisoaake preferred method of urine
collection is off a clean impervious surface of bl’s cage using a needle and syringe
or a plain glass micro-haematocrit tube (Harr, 2008e exception to this is urine
collection from farmed ostriches where contaminatian be avoided because, unlike
other avian species, urine collects separately famues in the coprodaeum, which
functions like a urinary bladder (Laverty and Skadlpe, 2008; Duke, 1999). On the
analysis of the liquid fraction of ostrich uringving no faecal contamination, Mushi et
al., (2001) found that little if any detectable {@ias or enzymes were present. A similar
finding in falcons (Tschopp et al., 2007) furthapports the questionable use of this
technique for clinical diagnostics, while ignoritige great potential of urate sphere
analysis. Because of the unusual nature of aviae urong and Skadhauge, (1983)
warned against drawing conclusions about the rexalktion of substances in birds, if
avian urine was analysed in a similar way to ligmammalian urine. Clearly bird urine
and mammalian urine are very different, requiringpmpletely different approach to

their analyses.

2.8.2. Solid avian urinalysis

Although the urate spheres vary in diameter fronbgQo 12y, their elemental
composition in samples from individual birds ardapendent of sphere size (Casotti
and Braun, 2004), allowing for gross samples ofedigphere sizes to be analysed.

However chemical constituents other than uric &% dry mass.) and protein content
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(5% dry mass.) can vary considerably between {asotti and Braun, 2004). This
contrasts with the finding that supernatant analg§iurinefrom healthy birds showed
no significant biochemical differences between sepe, species or the fasted and
postprandial states (Tschopp et al., 2007).

Casotti and Braun, (2004) concluded that the chansimmposition of urate spheres
bore no relationship to the dietary preferencediféérent bird species. However their
data showed a significantly higher calcium concidn in the urate spheres from
domestic chickens compared to various wild birdgs Tifference may relate to
commercial poultry diets being fortified with thegement, typically having dry mass
calcium concentrations of over 3.5% (Safaa e28I08). Although the avian kidney
reabsorbs more than 98% of filtered calcium (Wideni®87), experimentally
elevating plasma calcium concentrations increaseasl Icalcium excretion in birds
(Clark et al., 1976). In domestic fowl there isrardatic change in urine compaosition
when the egg is laid. Use of the technique of endrgpersive x-ray analysis (EDAX),
similar to that reported in this thesis, has destrated that in addition to turning
alkaline, the urine also contains appreciably greqtiantities of calcium (Sykes, 1971).
Higher concentrations of calcium were detectedraeuspheres from five out of six
laying chickens fed a 4% calcium diet (Janes aradi® 1997) compared to
concentrations detected in five (mixed sex) pai@&sotti and Braun, 2004). As egg
laying birds typically have elevated plasma calcitompared to non-laying birds
(Dacke, 2000) these findings suggest calcium cdragons in urate spheres may

reflect blood concentrations.

2.8.3. Proteinsin avian urine

Compared to normal human urine which typically k@95 mg/mL of protein, avian
urine (the combined liquid and solid) contains Smig/of protein (Braun, 2009). This
plasma-derived protein (Janes and Braun, 1997inest entirely associated with the
urate spheres (Harr, 2002), making them 5% prdigidry mass (Braun and Pacelli,
1991).

Although Janes and Braun, (1997) reported thatela¢ive protein concentrations in
the urate spheres differed slightly from plasmaceotrations, this may have resulted
from several factors. These include (a) variatiotubular re-absorption of different
sized proteins, (b) the addition of glycoproteikkNabb et al., 1973; Mirabella et al.,

1998) similar to mammalian Tamm-Horsfall proteiBgi@fini-Cessi et al., 2003) or (c)
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the effect of sampling stress in the birds (Stgled Phalen, 1998). The latter possibility
arises because the plasma samples were takerstai(®280 min after urine was
collected by catheterization, a very stressful pssdor birds (Halsema et al., 1988).
Stress induces diuresis (Styles and Phalen, 1968&)iluting the urine proteins and
altering plasma protein concentrations (Grasmaah.£2000). Because of the inevitable
time lag between urine formation and its passdget{ine urine takes to pass from the
glomerulus to the urodeum), it may have been mppeagpriate to collect plasma
samples before catheterization for comparison. Hewdespite such potential causes
for variation there is a striking similarity betweplasma and urate sphere proteins as
reported by Janes and Braun, (1997).

The molecular mass of proteins present in the gghsrreported to be restricted by the
dimensions of the glomerular pores (Casotti andiBra996), with the six most
abundant proteins being between 30 and 149kDagJarkeBraun, 1997). This would
preclude the inclusion in urate spheres of lardgsmpa proteins, like gamma globulins
(160kDa) and vitellogenin (200kDa), while allowisgaller binding proteins from
plasma such as corticosteroid binding globulin §d&Da), prealbumin (6.1kDa) and
metallothioneins (4-14kDa) to be included.

As albumin, the most abundant protein in AUS, iswé& from the bloodstream (Janes
and Braun 1997), AUS analysis should reflect cotrations of the wide range of
substances bound to this protein in the blood, whicludes hormones, metabolites and
toxins (Peters, 1996). In addition, physicochemadedrations of the albumin molecule
itself have been shown to be a valuable measusgstémic oxidative damage in man.
These include ischaemic modified albumin (Roy et28104) and reduced albumin
cobalt binding (Bar-Or et al., 2001) in blood sae®l Analysis of another albumin
type, egg white, has also shown great potentidpiatein finger printing’ in ecological
studies (Andersson and Ahlund, 2001). Other blcgrivdd proteins found in the urine
of man and other animals are markers of systemsgagde (Zimmerli et al., 2008). For
example the presence of metallothioneins in uriiewing cadmium exposure (Shaikh
and Tohyama, 1984) and aminolevulinic acid assediatith lead poisoning
(Sithisarankul et al.,1999; Fukui, 2005; Butter99%). The small zona radiata protein
(50kDa), a biomarker of endocrine disruption irdbi{Jimenez et al., 2007), may also
pass into the AUS from the blood stream.

It must be noted that uric acid also has significanding properties (Mikulski et al.,
1994; McNabb & McNabb, 1980), further adding to Hust of substances which

potentially may be incorporated into the urate sgheuring formation.
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2.8.4. Non-protein constituents of avian urine

In common with mammalian urine many chemicals,udeig body metabolites, are
excreted in avian urine (Casotti and Braun, 20GttdRbacher et al., 2004; Lepschy et
al., 2008). However, unlike in mammals, most s@uee not in solution but reside
bound in the urate spheres, having been incorpbrhteng sphere formation in the
proximal tubule (Casotti and Braun, 2004). The @etal composition of the AUS has
been reported for several bird species by CasudtiBraun, (2004). Nitrogen is the
most prevalent element found in AUS, derived fréwa tiric acid and protein content.
Potassium is typically the next most prevalent €enin the spheres over a wide range
of bird species. Other elements present in smaltteyunts, are calcium, sodium,
potassium, sulphur and chlorine. Other than nitnagese elements vary in proportion
between species, while such concentrations arevediaindependent of sphere size in
any one sample. Furthermore, unlike the proteirclvig arranged in discrete concentric
layers, the individual elements are randomly distied throughout the sphere (Casotti
and Braun, 2004). These reported variations imtreprotein content of AUS may
suggest that such differences between birds cefillelct dietary preferences.

To date specific compounds such as hormones haveera identified within the AUS.

2.8.5. Urate sphere physicochemical properties

AUS are stable in dry conditions and may even lesgwed in arid or covered
archaeological sites (Canti, 1998). Normally, hoarethey disaggregate on wetting
then re-crystallize as euhedral, bladed or lerdicatystals of uric acid dihydrate
(Fig.2.8), with the consequent release of trappectmlytes, especially potassium
(Drees and Manu, 1996).
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Figure 2.8. Re-crystallised domestic chicken urate spherg¢er(abmins
at room temperature in an acetate buffer pH 4#8)iny a similar
appearance to those described by Drees and Ma@6)(1

Acid conditions can accelerate this process (DasesManu, 1996) while alkaline
solutions, especially lithium carbonate, may fulgsolve the urate spheres without re-
crystallization (Adeola and Rogler, 1994). In agiitto desiccation, freezing preserves
the intact urate spheres (personal observatiosp slispension in ethanol or acetone
(Drees and Manu, 1996) causes no visible morphcddgisruption. These methods of
preservation would also prevent faecal uricolytigamisms degrading the urate spheres
(Braun, 2009). Such organisms are abundant inviae éower bowel where they play

an important part in the nitrogen recycling of ue#d urine (Braun, 2003).

2.9. Conclusions

Birds have a valuable status as sentinels of emwiemtal change (Peakall, 2000),
which combined with their ability to produce collalle solid urine samples should
make them ideal biomonitors (Fossi, 1994). Howelisr chapter has highlighted some
problems, which may need to be resolved beforenawiate spheres (AUS) can be used
for urinalysis in birds. These include the entemafeecirculation of excreted
metabolites, resulting from the combined effectaraie reflux and the renal portal
system (Laverty and Skadhauge, 2008). Althoughptosess may only relate to
substances resistant to degradation in the loweehaheir identification could be

difficult and stability may not be consistent. Figtmore a high proportion of excreted
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urine may be uncollectable because the refluxe w@heres are broken down in the
lower bowel (Braun, 2009). The amount of urine delgd in this manner varies
between species and even within individuals depgnadn their state of hydration
(Laverty and Skadhauge, 2008). As a result subssaimtermittently excreted in the
urine may not be consistently detected in uratespbamples.

Despite these reservations the following chaptpent on several studies to identify
biologically relevant compounds excreted in theeispheres of various bird species
with the aim of showing the analysis of AUS is able as a non-invasive

biomonitoring method for environmental pollutiondastress.
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Chapter 3.

Using domestic chickens (Gallus gallus domesticus) to biomonitor a
heavy metal contaminated soil

3.1. Introduction

Metals are natural substances, but their increagatgability through mining and
smelting, with subsequent release into the enviemrtrfrom numerous anthropogenic
sources, makes them a serious threat as perdisxénpollutants (Walker et al., 2001).
Some metals (copper (Cu) and zinc (Zn)) are esddrdce elements but are toxic at
higher concentrations (Sileo et al., 2004), whtleeos (e.g. lead (Pb) and cadmium
(Cd)) have no biological function and can be tatitow concentrations. High
concentrations of Cu and Zn are commonly found witter metals in mine waste and
their toxic impact on fauna, including wild birds,illustrated by the 1998 mine waste
spill in Spain’s Donana National Park (Gomez et2004). Pb poisoning of free-
ranging birds following incidental uptake from spéshing weights and gun shot is
also well recognised (Scheuhammer and Norris, 1998 widespread use of metals in
the world makes it necessary to monitor their catregions in the environment to
safeguard biological systems. Typically metals andate in soil and sediment where
they can exist in many states, which determing thieavailability (Ruby, 2004). For
this reason a measure of their biological uptakeudjh biomonitoring techniques is
more relevant than total environmental concentnati@eakall and Burger, 2003).
Birds are widely used for biomonitoring environmariteavy metals (Furness, 1993),
with most tests involving invasive or destructiergpling techniques (Swaileh and
Sansur, 2006). The advantages of using non-des&sitategies in biomonitoring
programmes (Fossi, 1994) have led to the increasegf eggs (Burger and Gochfeld,
1993), feathers (Burger et al.,, 1992) and guaitar(€r et al., 1995), to biomonitor
avian exposure to environmental heavy metals. deroior such materials to be valid
for metal biomonitoring they need to correlate watbod concentrations (Hollamby et
al., 2006), representing the bird’s current biokalde intake (Furness, 1993). Compared
to the acquisition of eggs from wild birds beingtreeted to the laying season and
feathers to the time of moult, whole guano hasatheantage of continuous production
and easy collection.

Guano is a mixture of faecal and urinary excreti@sslting from the digestive and

urinary systems sharing a common outlet in birdledahe cloaca. The faecal
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component of guano contains a variable mixtureileféxcreted (representing
bioavailable) and unabsorbed heavy metals simphstting the digestive system
(Mohanna and Nys, 1998). The white, urine comporgedérived from the blood
passing through the kidneys (Casotti and Braun4@@onsequently its heavy metal
content should be linked to the bird’s current &vailable’ intake (Furness, 1993) i.e.

the metal has been taken up into the blood stream the environment.

Figure 3.1. Scanning electron micrograph (SEM) of ethanolasted
avian urate spheres (AUS) from chickens on theasnimated allotment.

Avian urine is a suspension of microscopic biomatised (Taylor and Simkiss, 1989)
uric acid particles (Fig.3.1) called urate sphé@@ssotti and Braun, 2004). These avian
urate spheres (AUS) have significant ion bindingperties (McNabb & McNabb,

1980), being composed of 5% protein by dry masayBrand Pacelli, 1991). The
predominant protein in AUS is serum albumin (Casottl Braun, 2004), which is
recognised to bind heavy metals (Bal et al., 199B& AUS is also 65% by dry mass
uric acid, which binds several transition metalskiski et al., 1994). Thus it is likely
that, during formation in the avian kidney, the AWH incorporate heavy metals
filtered from the blood stream. In this way AUS radke urine component of guano
useful for measuring heavy metal exposure in diesause they may bind and package
metals for urinary excretion. It can thereforehlgpothesized that excess uptake (to the
chickens’ requirements) of essential metals Cuzmdill be reflected in their

increased urinary excretion, as part of homeostagalation, while non-essential
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metals such as Pb, will be excreted in direct pridmo to blood concentrations. Further
support for using AUS to monitor metal concentnasics that human urine is used for
biomonitoring exposure to Pb, of which approximat% is excreted via the urine
(C.D.C., 2005). Urinary excretion of heavy metalsriammals is dependant on
metallothioneins, which avidly bind Zn, Cu, Cd, &id Hg, enabling their transport,
detoxification and metabolism in the body (Nordher@98). As metallothioneins also
play a major role in metal excretion in birds (Natral., 2005), and their molecular size
(6.5 kDa) would allow passage in glomerular fikr&lanes and Braun, 1997), avian
urine is highly likely to contain heavy metals.

The overall aim of the work in this Chapter is emtbnstrate that AUS contain
measurable concentrations of heavy metals, whibéctea bird’s exposure to
contaminated soil and thus can potentially be @seal sampling technique for

biomonitoring environmental heavy metal contamirati

3.2. Materials and methods

3.2.1. Background

To determine the potential of this avian urine-llasehnique for measuring metal
bioavailability from a contaminated soil, in 20@®07, | was able to sample birds on a
local Newcastle City allotment (Branxton) prioraod following its remediation.

Laying chickens were kept on the allotment, whield h soil known to be contaminated
with Pb, Cu and Zn (Pless-Mulloli et al., 2004) €8k chickens provided an ideal
sentinel species (Peakall and Berger, 2003) fanbiatoring the soil heavy metal
contamination, before and six months after siteediation by top soil replacement. As
the chickens had access to the contaminated adilingested soil may typically
constitute 10% of their diet (Beyer et al., 1994gse birds were expected to have
elevated body metal concentrations before soil deatien.

As a control, metal concentrations in AUS from teychickens on a similar Newcastle
City allotment (Walker Road), where no soil expeswas allowed, were compared
with concentrations in urine from birds on the @mninated allotment. The proposed

urine based method was also compared with commusdgl non-destructive sampling
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techniques (egg, feather and whole guano analgsisleavy metal biomonitoring using
birds.
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Figure 3.2. Photographs of the chickens on the contaminatetivadnt
A: before and B: after remediation. The only difflece in the chicken
pen being that the soil beneath the feeder had tepdsced. In contrast,
the difference outside the chicken pen betweerefarb and D: after
remediation was more obvious.

3.2.2. Sample collection

Samples were collected from the contaminated a#atron 3% November 2006, a few
days prior to remediation, and subsequently sixthmotater on 28 April 2007. The
samples from the control allotment were collected.6” November 2006.

Ste metal concentrations and soil sampling

Soil samples were collected for metal analysisrdeoto confirm the contamination
status of the allotment. It was previously repodsdaving geometric mean soil
concentrations for Cu, Pb and Zn of 166, 674 ar®ir8g kg" (dry mass) respectively

(Hartley et al., 2004).
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Six surface horizon (0-10cm) soil samples werendkam a chicken pen on the
contaminated allotment to determine total soil lygaetal concentrations available to
the chickens. The soil samples were kept refriger&d-4C) in sealed plastic bags until
processed (see 3.2.4). It was not necessary tstakeamples from the control
allotment because the birds here were kept entimelywood shavings with no access to
soil. Six months after site remediation samplethefnew soil were taken from the
rebuilt chicken pen in which the birds previouskpesed to contaminated soil were

kept.

Biomonitor sampling

Background: Chicken housing and feeding regimen

On the contaminated allotment, prior to remediattbe chickens were kept in a group
of 20 birds confined to a caged enclosure (apprateéty 6nf) with a floor of exposed
contaminated soil, where they were fed (Fig.3.Re Birds had an adjoining separate
night roost consisting of a wooden floored shedhypitrches and nest boxes. The diet of
these birds was a commercial branddddibitum consisting of a mixture of pelleted
feed and whole grains. Also varying amounts oftlett scraps (vegetable peelings and
stale bread) were fed. Fresh water was providellimkers replenished daily with tap
water from the domestic supply.

On the control allotment a single group of 35 ckitkwas housed in a purpose-built
shed having a concrete floor covered with regulegptenished wood shavings. The
birds were exclusively fedd libitum on a pelleted commercial laying ration (different
from that fed on the contaminated allotment) antewaas provided from a domestic
supply. Birds were not allowed access to any soihis control allotment.

Six representative samples of the rations as fecyding kitchen scraps) were
collected from each allotment for metal analydig; éxact same ration was fed before
and after remediation to the chickens on the comated allotment.

Samples collected for biomonitoring

From the night roost and nesting boxes on botltdméaminated and control allotments
several kilograms of freshly passed guano, a feshlly laid eggs (contaminated: n=3,
control: n=6) taken to have been laid by differieems and numerous feathers were
collected. Following remediation of the contaminbsée only guano was collected for

analysis. Eggs were not collected because of thearietal levels recorded. Feathers
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were not collected either because they were exgéaatstill reflect earlier exposure

being shed only annually (King and McLelland, 1975)

Sample preparation

Eggs

The eggs were thoroughly cleaned using warm taprveatd a nylon brush, rinsed with
18MQ deionised water and then dried prior to beingestdrozen (-26C). To prepare
the eggs for metal analysis the shell was peetad the frozen eggs and internally
adherent albumin washed off with18Mdleionised water. The albumin was discarded,
this being facilitated by it thawing quicker thdetyolk, which was retained for
analysis. The albumin was not analysed becaugs oéported low affinity for Pb and
Cu in chickens exposed to elevated intake condsmsa(Flores et al., 1997; Skrivan et
al., 2006).

Feathers

Clean, intact wing primary feathers were colledad grouped by their colour into four
samples corresponding to the chicken breeds ocahtaminated allotment (Rhode
Island Red, Moran, White Leghorn and Black Rockje Teathers from the control
allotment had only three different colours so pded just three sample groups for
analysis. Although not guaranteeing feathers caora tlifferent individual birds
different colours could be assumed to not be freensame one and so give some
measure of biological variation. Feathers were Wwashed with warm tap water, then
thoroughly rinsed with 18K2 deionised water and dried before storage at room
temperature in sealed plastic bags. This simpknahg method was chosen because
despite repeated acetone and water washes, favioyredny authors (Burger et al.,
1992), feathers still appear to retain the heaviate@ccumulated from external

contamination (Dauwe et al., 2003).

Guano
Only fresh, whole guano pellets were selected aiityr adherent feathers or bedding
material removed prior to storing frozen (@) in sealed plastic bags.
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3.2.3. Urate sphere extraction and uric acid analysis of AUS

Background

Avian urine is composed of a colloidal suspensibdiscrete spherical urates
measuring 0.5 to 10um (Casotti and Braun, 200éxdlspheres are insoluble in ethanol
or acetone but are disrupted in aqueous solutidree§ and Manu, 1996). The
extraction technique depended on the principleftéréntial sedimentation; the small
size of the urate spheres allowing them to remaspanded in the ethanol for longer

than larger or denser particulates including soihf the faecal component.

Extraction

To extract the urate spheres from whole guanoparmoaimately 200g representative
sample of frozen guano was defrosted at room tesyoer with 300mL GPR absolute
ethanol in a glass beaker. On breaking the guamnithpa glass rod, the white urinary
component readily formed a suspension, any grossiriig faecal contaminants being
removed at this time. To avoid the transfer of @efigecal material including soll
particulates, only the upper portion of the suptmiawas decanted into a 50mL glass
test tube. The supernatant was allowed to settl® foin, after which the top 20-30mL
portion (representing the extracted urate sphergksg was decanted into a 50mL
polypropylene centrifuge tube (Fisherbrand®). Témdue from the glass test tube was
returned to the beaker and the process repeatdades until no further white urate
spheres could be extracted. The extracted uratreghample was centrifuged at 2000 x
g for 2 min, the discoloured ethanol discarded thiedsolid AUS washed twice with
approximately 40mL of fresh ethanol by vortexingl again centrifuging (2000 x g for

2 min).

Quantification of AUS contents

Qualitative purity of the solid urate sphere extraas determined by examining a small
representative fraction under a medium power Iligltroscope, an adequately pure
sample consisting almost entirely of characteristate spheres (Fig. 2.1A).

To quantify the metal constituents in the AUS eotsat was necessary to determine
their uric acid content. This was achieved by usirm@mbination of two methods for
uric acid analysis in avian guano (Van Handel,51%teola and Rogler, 1994). In
brief, an accurately weighed 30-40mg representéitaction of the dry extracted urate

31



spheres was digested in 10mL of 0.5% (w/v) LgS@lution in a boiling water bath for
10min. The resulting solution was made up to 10@wth 18MQ deionised water, from
which a well-mixed representative 5mL sample whisréd using a 0.48m pore size
syringe filter (Whatmaf Puradis€” 25 AS). A 10QiL aliquot of this filtrate was
diluted to 1mL, added directly to a cuvette andedixith an equal volume (1mL) of
the freshly made up chromagen reagent (Van Hat8&h). Although the original Van
Handel (1975) method used a 5 minute end pointag found 10 min was preferable,
at which time the absorbance (450nm) of the yefpoaduct was measured using a
Biochrom Libra S12 UV/Visible spectrophotometerdq&irom Ltd, Cambridge, UK).
Calibration was achieved using water blanks anclagid standard solutions made up
in 0.5% (w/v) LICQ. Specificity to uric acid was determined by ovghtiincubation at
room temperature of sample duplicates with an equlaime of 0.5U/mL uricase

(Sigma), which resulted in equivalent to blank iags.

Using protein to quantify AUS contents

After uric acid, protein is the next most prevaleonstituent of the AUS,

predominantly serum albumin (Casotti and Braun4208s a consequence of this it
was proposed that protein content may be usedantifyithe urate sphere constituents.
Because the acid conditions used to break opeAWswould hydrolyse proteins into
their amino acid components, an alternative methagktract the protein content of
AUS was explored. The method by Sharif and O’'Ha@i®95) using 5% w/v SDS in
0.1 M sodium hydroxide successfully dissolved théSAliberating the protein into
solution. Replicating work by Janes and Braun, {39%e Bradford dye method
(Bradford, 1976), using premixed reagents (Bio-Reatein Assay was used to
measure the AUS protein content. However it wasdampractical to measure the
released protein because it co-precipitated wighutiic acid. This was because uric acid
has a high affinity for proteins such as serum @iimu/McNabb and McNabb, 1980).

To date the chemical constituents of extractecelspheres have only been quantified
against uric acid content, although if a suitabkthnod for protein analysis can be

devised the protein content may be used as amatiee.
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3.2.4. Sample preparation and analysis

All soil, chicken feed, egg, feather, whole guand axtracted urate spheres were oven
dried to constant mass at’65 then ground and sieved to homogenise, pricakimg a
representative sample for heavy metal analysisClband Zn concentrations for all
samples other than chicken feed and those colldotiesving remediation, were
determined by a UKAS (United Kingdom Accreditati®arvice) accredited laboratory
using Inductively Coupled Plasma Mass Spectrom#&@il?-MS) after a 2 hour acid
reflux pre-digestion. Concentrations of detecticravpoorer for some of the smaller
samples but generally were between 2 and 8rifgfiigCu and Pb while >0.8mg Rg

for Zn on a dry mass basis. Metal analysis of amicteed (from both allotments),
whole guano, extracted urate spheres and soil (fremnemediated allotment) was
performed using a Unicam 701 ICP-OES (Unicam Imsémts, Cambridge, England)
after acid reflux using a standard method (EPA1)98alibration standards (Sigma)
were freshly made up for each metal, having liroftdetection in a complicated matrix
solution of 0.1mg L for Pb and 0.01 mgt.for Cu and Zn. The metal concentrations in
the two acids were determined by digesting acidksan the same manner as the
samples, this value being subtracted from the sam@gults before calculating metal
values. The resulting limits of detection in drymgdes for Pb, Cu and Zn were 5, 0.5
and 0.5 mg kg respectively.

All metal concentrations are expressed as mpka dry mass basis, with urate sphere
concentrations gsg g* uric acid, allowing for sample comparison to comszse for
variations in extraction purity.

Representative samples of the dried, ground anvedi€Zmm) soil were analysed for
pH and soil organic matter (SOM) using a modifieetimod (Clark et al., 2006) because
these properties have a strong influence on thevhit@bility of soil heavy metals
(Ruby, 2004). The pkiwas determined after reacting soil for 1 hour,With 18MQ
deionised water (5g/5ml). The ptéf the supernatant was measured, after centrigugin
(20009 for 2mins), using a pre-calibrated glasstedele (Denver Instruments). The
SOM content was determined on accurately weighesbgamples by mass reduction
from overnight ignition in a 45 furnace.
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3.2.5. EDAX analysis of extracted urate spheres

The opportunity arose to use the facilities oféhgironmental electron microscope in
the Advanced Chemicals & Materials Analysis Seratdlewcastle University. This
unit can analyse small particulates similar toutree spheres for their elemental
constituents using energy dispersive x-ray micrahgmis (EDAX) (Vesk and Byrne,
1999). Furthermore this method of analysis hasipusly been used to identify the
elemental composition of urate spheres from birdsuding domestic chickens (Casotti
and Braun, 1997; Casotti and Braun, 2004).

3.2.6. Data analysis

Statistical analyses were not performed on the &/gabno and AUS data because
bulked samples had been used, giving effectivell, stensequently sampling would
reflect technical rather than biological varialyiliData from the small number of
individual egg and feather samples was analysedjube non-parametric Mann-
Whitney U-test. For these, sample results are tegas median and range values.
However the larger number of soil and feed sam(tdesg normally distributed)
allowed parametric analysis using the Studentst;twith significant differences (p<
0.05) set at a 95% confidence interval. Where saswkre below the limit of detection
(LOD), a value of half the LOD was used in datalgsia (Nicholson et al., 1999;
Dauwe et al., 2005).

3.3. Results
3.3.1. Sail analysis

Soil samples from the chicken pen on the contarachatiotment prior to remediation
had elevated concentrations of Pb, Cu and Zn (Tal)ewhen compared with
background values reported in the literature (M¢Gead Loveland, 1992). These
elevated concentrations were comparable to prevesidts reported for this allotment
(Hartley et al., 2004). The mean metal concentnatimf the soil samples from the same
pen after remediation were similar to reported lgasknd concentrations (McGrath and
Loveland, 1992). However this fresh soil had siigaifitly (p<0.05) lower
concentrations of all three metals in comparisothéopre remediation pen soil.
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Both the contaminated and replacement soils hattaigaH values (7.38.3 and
7.3140.03 respectively) confirming earlier reported e {Hartley et al., 2004). The
higher SOM value of 33.86.2% in the contaminated soil compared to 7-13€6 fo
allotment soils reported in the literature (Clatlak, 2006), may be related to its dark
colour and visible residues of chicken manure. lBpdacement soil was lighter
coloured, with a more clay-like appearance andehkxver SOM value (12.3t5%)

despite some visible feed and guano content.

Table 3.1. Top soil pH, percentage soil organic matter (%SO&gd
(Pb), copper (Cu) and zinc (Zn) from the chicken pge the
contaminated allotment before and after remedidiipsoil replacement,
compared with previous data for the allotment and mean background
values for soils in England and Wales reportedheliterature.

pH. % SOM Pb Cu Zn

Preremediation 7.3M30 33.5#10.2 5554301 27369 82741
Postremediation7.3140.03 12.34#.5 58.540.8 15.1#.1 57.7+2.3

Soil concentrations prev. stutin=12) 7.340.2 N/R 674286 1666 823494

Mean background soil concentrati 74 23 97
Metal concentrations as geometric meast+mg kg dm (n=6).

*Hartley et al., (2004).

®McGrath and Loveland (1992).

Chicken pen soil

3.3.2. Chicken feed analysis

Lead concentrations in chicken feed samples froth alblotments were not

significantly different from each other (p>0.0528%1) and comparable to the reported
low concentrations in commercial poultry feeds (€h2). Both Cu and Zn
concentrations were significantly different (p<D.95% CI) between feed given on
each allotments. The control chicken feed wasetdwv end of reported Cu and Zn
concentrations in the literature, however in castithe contaminated allotment feed
concentrations were well below this (Table 3.2).

On gross examination of the two feed samples itekee the chickens on the
contaminated allotment were fed on a ration coigia high proportion of whole

grain, compared to the control chickens’ diet, wmhtonsisted entirely of pelleted feed.
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Table 3.2. Lead (Pb), copper (Cu) and zinc (Zn) concentrationg kg
'dm median and range) in chicken feed as fed oodhtaminated (pre
and post remediation) and control allotments, Wothcomparison the
reported range of values in home mixed feed fddyimg chickens in
England and Wales.

Feed samples Pb *Cu *Zn

Control allotment 1.03 (0.75-1.84) 10.04 (9.65-13.28) 57.05 (80.35H68
Contaminated allotment 1.50 (1.19-1.66) 5.83(5.11-6.12) 18.72 (17.32-2B.7
Reported range of valies  <1-1.12 10.7-56.1 94.1-311

Metal concentrations as median and range migckg matter (n=6).
Asterisks indicate significant difference p<0.0Ba%0 CI (Mann-Whitney U-test) between feed from
control and contaminated allotmefiticholson et al., (1999).

3.3.3. Metal concentrationsin eggs (yolk and shell)

Pb values in all egg samples (yolk and shell) flth allotments were below the level
of detection (LOD) of 2mg K§dry mass (Table 3.3). Zn concentrations in the egg
yolks were not significantly different (p>0.5 at®®3CI) between the contaminated
allotment and control site. However, concentratioh€u in the yolks from the
contaminated site were significantly (p<0.05 at 9G®%ohigher than control samples.
The Zn concentrations in shell samples from chisk@nthe contaminated site were
significantly (p<0.05 at 95% CI) higher than comhsie egg shell values. Cu
concentrations in egg shell samples were belol.®@ of 2mg kg' dry mass in all
control eggs and two of the three contaminated $ssnpaking comparison impossible.

Table 3.3. Lead (Pb), copper (Cu) and zinc (Zn) concentration
chicken egg samples (yolk and shell) from chickems$he contaminated
(prior to remediation) and control allotments.

Yolk Shell
Egg samples Pb Cu Zn Pb Cu  Zn
Contaminated 1 <2 3 68 <2 <2 <4
allotment 2 <2 3 70 <2 <2 7
(n=3) 3 <2 3 94 <2 2 <4
Control allotment 1 <2 2.9 73 <2 <2 1.8
(n=6) 2 <2 <2 52 <2 <2 0.9
3 <2 <2 77 <2 <2 1.7
4 <2 2 74 <2 <2 <0.8
5 <2 2.2 78 <2 <2 1.2
6 <2 <2 73 <2 <2 <0.8

<2, <4 or <0.8 signifies value was below the rete\fmit of detection of 2, 4 or 0.8mg Rg

Values as mg k§dry mass.
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3.3.4. Metal concentrationsin feathers

Chicken feathers from the contaminated allotmenb(@ 3.4) had significantly

(p<0.05) greater Pb concentrations than the cobtrdé assuming the control birds to
have concentrations at half the LOD. However Zrnceotrations in feathers from the
contaminated allotment were not significantly iraged over controls. Conversely there
was significantly (p<0.05) more Cu in feathers froomtrol birds compared to feathers
collected from birds on the contaminated site.

Table 3.4. Lead (Pb), copper (Cu) and zinc (Zn) concentratiog kg
as median (and range) in feathers from chickenv@ontaminated and
control allotment.
Feather samples Pb Cu Zn
Control site (n=3) <8 17 (16-23)130 (100-130)
Contaminated site (n=4)14.8 (13-18) 9.5 (8-10) 140 (120-240)

3.3.5. Metal concentrationsin whole guano

Whole guano from chickens on the contaminatedraboit (Fig.3.5) before remediation
had higher median Pb concentrations than the goaliected from the control site;
median Cu and Zn concentrations however were nabably different. All three metal
concentrations in the guano from chickens on timtagninated allotment prior to
remediation were higher than in the guano of tmeeshirds 6 months after remediation.
In comparison with control site metal concentragiathe guano from the remediated

site appeared to have higher Pb but lower Cu and Zn
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Figure 3.3. Median (n=6) metal concentrations (mg'kdry mass) in
whole guano. Lead (Pb), copper (Cu) and zinc (Dmcentrations in
samples from exposed chickens before and afteresoigdiation
compared to unexposed control chickens.

3.3.6. AUS analysis

Fewer samples were analysed because several vgéasla result of the high reactivity
of the extracted AUS with acid during the pre-digesstage of analysis. This resulted
in there only being two analyses from exposed @mskand four each from control and

post remediation chickens.

3.3.6.1. Purity of AUS samples

Representative samples of extracted AUS were exaibg light microscopy and all
appeared to be free of contamination from soibechl material.
The chemical analysis of each sample of extractd8 Aanged from 54 to 60% uric

acid by dry mass, representing a purity of 83 t&38spectively.
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3.3.6.2. AUS metal concentrations

The extracted AUS samples from the chickens omdméaminated allotment prior to
remediation appeared to have elevated concentsabioall three metals compared to
AUS samples from chickens on the control allotn{@able 3.5). Six months after
remediation the median concentrations of Cu and&re 16 and 8fg g* uric acid
respectively being below both control site and reneediation values. The median Pb
concentration of 14jig g* uric acid post remediation was similar to the pre-

remediation concentrations while still higher tlzamtrol concentrations.

Table 3.5. Lead (Pb), copper (Cu) and zinc (Zn) concentratjang™
uric acid as median (and range) in extracted gaiteres from chickens
on the contaminated (pre- and post-remediation)candrol allotments.

Sample source Pb Cu Zn
Pre-remediation  208.5 (208- 65.8 (65.6- 526 (512-540)
Contaminated  (n=2) 209) 66.1)
allotment Post-remediation 147.0 (118- 16.0 (15-19) 84.5(84-102)
(n=4) 413)
6.6 (4.7-7.5) 37.6 (17.7- 250.3 (135.5-

Control site (n=4) 49.1) 315.8)
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Figure3.4. Bar chart of median Lead (Pb), copper (Cu) ana Zin)
concentrationsp(g g* uric acid) in extracted urate sphere (urine) sasipl
from exposed chickens before and after soil rentietiacompared to
samples from unexposed control chickens.

3.3.6. 3. EDAX analysis of extracted urate spheres

The percentage dry mass content of Pb, Cu and @&nndimed by ICP-OES even in the
contaminated birds were all below the EDAX detectimit of 0.1% dry mass. As a
result these metals were not expected to be ddtectbe EDAX analysis (Fig.3.5B).
However Ca and K were detected by this methodnaemuence of both ions being
typically between 2 and 5% by dry mass of uratesghusing ICP-OES analysis
(personal findings).
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Figure 3.5. (A): Electron micrographs and (B): Energy dispezsi-ray
analysis (EDAX) of two individual alcohol extractadate spheres from
chickens on the metal contaminated allotment (ctdld August 2005).
(C): EDAX of the carbon stub representing the nphese background
analysis.
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The background analysis of the carbon stub (FBCBhad several contaminants
especially sulphur (2.4KeV) from an adhesive mat€M. Staines, personal
communication). Although Cu appeared to be deteayelDAX in these spheres the
concentration was no greater than the backgroualysia so this was discounted. If Pb
or Zn had been detectable they would have appearpdaks at 2.5 and 8.5KeV
respectively on the EDAX analysis.

3.4. Discussion

3.4.1. Metal concentrations and properties of contaminated soil

The lead concentration in the pre-remediation amgien soil (Table 3.1) was above
the soil guideline values of 450mg Pb'kdry mass, confirming this allotment’s
contaminated land status (DEFRA, 2000). Also Cuzm@éxceeded the now withdrawn
Inter-departmental Committee on the Redevelopmie@bataminated Land (ICRCL)
intervention concentrations of 130 and 300mg Kgy mass respectively. These
elevated concentrations of Pb, Cu and Zn in tilesamples, although characteristic of
the incinerator bottom ash added to the site (tefas 760, 870 and 1100 mg'dry
mass respectively, Pless-Mulloli et al., 2004), rakp have originated from other
sources. These include the use of agro-chemicalseogardens (Rimmer et al., 2006)
and burning rubbish especially plastics (Meharg famhch, 1995).

Chicken manure is likely to be responsible forchiken pen SOM values being
higher than the 7-13% reported for allotment garstats (Clark et al., 2006). This was
backed up by the later analysis of chicken guamuguse same technique giving an
organic matter content of 76%. Although the soitahtad may also be derived from
chicken manure input, due to high Cu and Zn inding$in commercial diets (Mohanna
and Nys, 1998), | showed on analysis that the ¢éedese birds was low in these
metals, discounting this as a major source ofreetial contamination. From my
findings the combination of neutral pH and high SOMhese samples would be
expected to reduce metal bioavailability in theteomnated chicken pen soil (Clark et
al., 2006).
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3.4.2. Metal concentrationsin chicken feed

Chickens on the control allotment were fed ratibigh in added Cu and Zn with
concentrations being comparable to literature \&a(decholson et al., 1999). However
birds on the contaminated site before and afteedeéaion were fed a ration

significantly lower in Cu and Zn. As the controtds had no access to soil, the feed was
the major source of metal uptake, in contrast éokiinds on the contaminated site in
which soil was the major metal exposure route. Fhe&oncentrations in both rations
were low and would not be expected to significantntribute to the uptake of this
metal by chickens. A consequence of the highereaainations of Cu and Zn in the feed
of control site chickens compared to the contarethabil exposed birds prevented a
meaningful comparison of these metals in biomorgnples. However, post-
remediation when the soil contribution to uptakéhafse metals was drastically reduced
in the birds on the contaminated site, the diffefead concentrations (Table 3.2) were

reflected in the guano samples (Fig.3.5).

3.4.3. Biomonitor samples

Metal concentrationsin eggs

In the current study (bearing in mind the LOD of@kgj*) egg yolk and shell were
unsuitable materials to biomonitor increased Ploeype from the contaminated soil,
confirming that lead has a low transfer to eggs|éW,al990). However the sensitivity
of the analysis method used here may have compedmiy results and should not
preclude eggs from being a valid material for bioraring. Pb concentrations in egg
yolks and shells from Pb exposed chickens (fronesied Pb-based paint chips in their
environment) were 0.4 and 0.45mg’kegspectively and significantly above
concentrations in eggs from control birds (Tranmgiedl., 2003). In addition Mazliah et
al., (1989) reported eggshells from Pb dosed had<kl2 times the Pb concentration
of eggshells from controls; while the Pb contenthef egg yolks from dosed hens was
significantly higher than controls. In a study awvieonmental uptake of heavy metals
by house sparrow$ésser domesticus) there was significant correlation between Pb,
Cu and Zn in egg shell and egg content (SwailehSarssur, 2006), making the shell a
valuable biomonitoring matrix for these metals. Koer Grand et al., (2002) cast doubt
on the value of eggs for biomonitoring Pb exposuaigrds, reporting no correlation

between blood and egg Pb concentrations in twaepet wild duck.
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Skrivan et al.,(2006) raised the dietary Cu intakkaying chickens increasing Cu
concentrations in egg yolk and shell from 3.5 tanfg kg* and 2.0 to 2.5mg Ky(dry
mass) respectively. However these small increaspsred more than a ten-fold
elevation in dietary Cu intake, further emphasigimaf eggs are an insensitive monitor
for this metal. In a study on concentrations oflyaaetals in laying great tit$arus
major) and their eggs, Dauwe et al.,(2005) hypothedisadegg content or shell were
unsuitable as a measure of exposure because CZnaar@ under physiological control.
These limitations on eggs as biomonitors for Cuam@xposure are reflected in egg
yolks in this study but the egg shell values acefeav to draw any conclusion. In the
light of these findings no eggs were collected fittva chickens after remediation for
metal analysis.

As the eggs from the contaminated allotment weeel isr human consumption an
estimate of dietary Pb exposure was calculatednranner similar to Trampel et al.,
(2003). By assuming Pb concentration in the eglsydypically 8-9g dry mass, had
reached the LOD (2 mg Kgiry mass), a 60kg person would require a dailykisaf
greater than 12 eggs, to exceed the provisionalable weekly intake (PTWI) of
0.025mg kg body mass (JFWEC 1999).

Metal concentrationsin feathers

While feathers reflected the elevated Pb exposath® contaminated allotment
compared with the control site, Zn concentratioeseano different and Cu
concentrations were significantly lower in feathesiected from the contaminated site
compared to those from the control. Again the tesalbtained in relation to essential
metals Cu and Zn could be explained by their homa¢icgegulation in birds (Dauwe et
al., 2003) and it is known that the internal deposiof heavy metals in feathers is only
a fraction of the total body burden, with the exaapof mercury (Veerle et al., 2004)
and organo-tin (Kannan and Falandysz, 1997). THaseiaffinity of feathers to bind
heavy metals is shown by their use in wastewatamcup (Al-Asheh et al., 2003) and
how cleaning techniques can add to their metalesar{tHogstad et al., 2003). Pb is
recognised as principally a surface contaminafdathers (Nam et al., 2004), so the
higher concentration of Pb we report here may b fcontaminated soil or guano
accumulation on their surface. However similarat#nces from surface contamination
with soil derived Cu and Zn could be masked by feeduano contamination from their
typically high concentrations in commercial chickeed (Mohanna and Nys, 1998). As

the inter-moult period dictates how long the feegh®ave to accumulate surface metals
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(Veerle et al., 2004) and this may not be the samthe two allotments, this factor
could also adversely influence the results.

The reported lack of correlation between Pb comaéinhs in different feather groups
or between feather and blood Pb concentrationtarkbirds Turdus merula) from Pb
polluted urban areas (Scheifler et al., 2006) hericonfirms the limitations of this
technique for measuring bioavailable Pb exposure.

Feathers were not collected following remediatisnt avas considered likely that after
just 6 months they may still reflect pre-remediattmntamination concentrations. This
was because typically adult domestic chickens namlit once a year in autumn (King
and McLelland, 1975) and the soil remediation tptace in early November 2006. As
a result post-remediation feathers were likelydaehbeen formed prior to remediation,
so both internally and surface accumulated metietlse feather could be derived from

contaminated soil exposure.

Metal concentrations in whole guano

Pb concentrations in whole guano from birds onctir@aminated allotment were
elevated over control samples (Fig.3.5.) and nobmakground concentrations reported
in the literature (Nicholson et al., 1999). Thidicates that oral uptake of contaminated
soil was responsible for the high Pb guano comagahs and suggests whole guano
could be a suitable biomonitor for Pb exposureaByuming the majority of ingested
Pb was from the contaminated soil and dietary Rioicentrated 3.25 times in chicken
guano as reported for Cu (Kunkle et al., 1981) cdieulated percentage soil uptake on
a dry matter basis was 8%. This is in agreemeriit @stimates of soil intake by
chickens reported in the literature (Beyer eti#194).

Following remediation of the contaminated allotmetth clean soil (having a mean
value of 59 mg Pb kifry mass), the whole guano lead concentration dropp a
median of 31 mg Pb kj But if the same soil intake value of 8% as deteet above is
assumed, on calculation this should have resuftedguano concentration of 15.6 mg
Pb kg', which is nearer to the value of 88® mg Pb kgobtained from the guano of
chickens on the control allotment (Fig. 3.5.). Télisvated concentration of Pb in guano
after site remediation is likely to have resulteshi the urine component of the guano
(see3.4.3.4. below).

Cu and Zn concentrations in the guano of chickensomtaminated soil were not
apparently different from guano metal concentratisampled from the control site

(Fig.3.5.), while guano samples post remediatiqgreaped to have lower metal
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concentrations than those found in guano from obatnd pre-remediation birds. This
result shows how the typically high dietary inclusrates of these metals (Mohanna
and Nys, 1998) in the ration fed to the contra sirds, masked the elevated uptake
from the soil in birds on the contaminated allotmdime similar metal concentrations
found in the guano samples would suggest birds fracontrol and contaminated sites
are being equally exposed to Cu and Zn. This ighetase because the metals come
from different sources (either food or contaminage) and so may be in different
chemical forms, which can affect their relativediailability (Ruby, 2004). Cu and Zn
in guano from the control allotment birds is engireom the feed, and these metals are
reported to be poorly absorbed in chickens with than 6% being retained in the body
from commercial diets (Mohanna and Nys 1998). Ascentrations of Cu and Zn are
low in the feed (5.7 and 20mgKgbut high in the soil (273 and 800mgRmn the
contaminated allotment, it can be calculated thagtrof the guano derived metal
originates from the soil intake of these chickekssuming again a soil intake of 8%
(dry mass basis), for each kg of dry diet consuthed

Zn intake from soil would be 8% of 827 i.e. 66.2@g while from feed 92% of 20
results in an intake of 18.4mg Zn; similarly the iGtake from soil is 8% of 273 i.e.
22mg Cu compared with the lower intake from thelfeeing 92% of 5.7 i.e. 5mg Cu.
The calculated intake of Cu and Zn in the conthatkens (being entirely from feed) of
10.6mg Cu kg and 60.5mg Zn K§was lower than the intake of chickens on the
contaminated allotment, 27mg Cukgnd 84.6mg Zn k§respectively. As this
difference between contaminated and control chiskemot shown in the whole guano
analysis (Fig. 3), it may suggest the soil derinegtals are more readily absorbed from
the digestive system as a consequence of beinglommaeailable. In a separate study |
determined the Cu and Zn bioavailability in thd f@mm the contaminated allotment
using ann vitro method (Rieuwerts et al., 2000) and found themetbigh (75-84%).
This is consistent with these metals’ likely orifiom added anthropogenic products of
combustion (incinerator bottom ash) in contragi@ological sources found in
background soils (Rieuwerts et al., 2000).

This highlights a potential problem of using whgleano in metal exposure studies
because it does not take into account variatiomsatal bioavailability (Ruby, 2004).
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AUS

Extraction

Because the method of extraction depends on theattyn of a persistent suspension of
AUS, drying and grinding the guano samples pricgxtraction was not carried out, as
this would have increased the formation of sinfilae particulates. Although small Pb-
rich particulates (<37m) have been reported in urban soils (Clark e28I06) and such
high density particulates are difficult to sepamgavitationally (Mercier et al., 2001) no
serious contamination problems were encountereid.Was evidenced by microscopic
examination of the AUS samples (Fig.2.1A).

The post-remediation extracted AUS (Fig.3.6.) appe show urine to be a route for
Pb excretion. Additionally the persistent high A& centration, despite low feed and
soil values, confirms this metal’s presence inaotid urate spheres is not simply from
faecal contamination.

Metal concentrations

In contrast to other methods (eggs, feathers otevipoano), AUS samples from
chickens on the contaminated soil, when comparéu eantrols, appeared to give a
better representation of the birds’ elevated expotuall three heavy metals (Fig.3.6.).
This may be a consequence of the AUS content dorgist heavy metals entirely
derived from the bloodstream following digestivesatption, hence representing the
fraction of metals from environmental sources #ratbioavailable to the birds. In
comparison AUS samples from the chickens 6 morftes site remediation, reflected
the reduced Cu and Zn exposure from the cleangeplant soil. Interestingly Pb
concentrations in the AUS remained high aftergteediation. This continued elevated
excretion may be a consequence of bone mobilizeedgg production (Dacke, 2000;
King and McLelland, 1975), releasing chronicallggestered Pb deposits into the
bloodstream. Bone Pb concentrations in birds addoumpproximately 90% of the
body burden, with egg laying females accumulatirmgerthan males (Scheuhammer et
al., 1999). It would be expected following remenhiatthat urine Pb concentrations
should decline as the bone Pb is excreted over timtaumans this decline may be quite
prolonged (decades) and varies with bone type,oitastate, and subject age (Hu et
al., 1998). Similarly, whether or not a chicken Magng eggs, would be expected to
affect the rate of bone mobilization and theref®beurinary excretion. Pain et al.,
(1997) reported that blood Pb concentrations reathélevated for longer (several
months) following higher exposure from Pb shot sigm in marsh harrier<C{rcus

aeruginosus). Persistent excretion of this quantity of Pb énths after reducing the
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birds’ Pb intake, may suggest substantial bone siegpof Pb from their previous
prolonged exposure.

Cu and Zn do not substantially accumulate in thaybilke Pb (Walsh, 1990), being
essential metals under metabolic control. Theretfoeg did not show a prolonged
excretion in the AUS following remediation. AUS cemtrations of Cu and Zn are
excess to the bird’s requirement excreted undergostatic control, while Pb AUS
concentrations reflect unregulated blood conceotrat In the light of blood
concentrations of essential metals being kept wighnormal range, AUS sampling may
be a better measure of excessive exposure thad,ldasting doubt on blood being the
‘gold standard’ for monitoring purposes (Furne€93). For the nonessential metal, Pb,
AUS concentrations could be expected to refleabdblooncentrations. However the
present study showed AUS concentrations may netillrrelate to the birds’ current
intake due to Pb accumulation in bone and its syes# release due to bone

remobilisation.

EDAX analysis

The EDAX analysis of AUS has been reported prewolg Casotti and Braun, (1997
and 2004), where they determined the ionic comjposdf individual urate spheres.
Chicken urate spheres were reported to contain $itggtEDAX analysis (Casotti &
Braun, 1997). However in a later paper the autbospected it had been from
background analysis of the stub (Casotti & Bra4).

In the present study the EDAX analysis of indnadAUS was unable to detect any of
the three metal ions identified with the contamadasgoil. This was because the
sensitivity of the EDAX analysis is restricted td® (dry mass) of a sample,
equivalent to 1g/kg and several times higher thacbncentrations detected in the
AUSDby ICP-OES.

The elemental analysis by EDAX of individual AUSdRB.7B) showed K and Ca were
the predominant cations, in agreement with CagoBraun, (2004). However the
relative concentrations of K and Ca varied subsytbetween the two spheres. The
theory that urate spheres from laying birds haegated Ca concentrations (over K)
may however still be correct because this analyas from pooled guano samples and

not all the birds were laying eggs at the time.
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3.4.4. Health implications for chickensingesting heavy metal contaminated soil

The toxic and sub-lethal effects of ingested Pba@ai Zn on birds varies widely
between species, age, sex and the chemical foeaabf metal (Eisler, 2000 and refs
within). Experimental poisoning of captive birdstkvPb showed wide species variation
in susceptibility (Beyer et al., 1988), with a danifinding reported for Cu and Zn
(Eisler, 2000 and refs within). Among avian specdemestic chickens are
comparatively resistant to Pb toxicosis, with & dintaining 1.85g K§ as Pb acetate
given over 4 weeks to domestic cockerels beinglatial (Franson and Custer, 1982).
Diets in domestic chickens with concentrations &®00 and 2000 mg Kg(dry mass)
Cu and Zn respectively are reported to be toxisléEi 2000 and refs within). Such a
relative insensitivity of the domestic chicken tetal toxicosis compared to other avian
species (Eisler, 2000) combined with its habitngfasting soil, makes it a suitable
sentinel species to biomonitor heavy metal contateih soils.

By assuming 8% of the chicken diet on the contatethallotment consisted of soil and
that from analysis (3.3.1.) it had maximum Pb, @d Zn concentrations of 680, 210
and 860 mg K{ (dry mass) respectively, the soil contributiomtetal intake can be
calculated. The remaining 92% of the diet represtre feed given to the birds, which
had maximum concentrations of Pb, Cu and Zn of@.&and 23.7 mg K§(dry mass)
respectively. From these values the maximum metat¢entrations in the combined diet
of soil and feed can be calculated (Table 3.6)d85.6, 23.1 and 90.8 mg Kddry
mass) for Pb, Cu and Zn respectively. These estgrfat metal intake are all well
below the reported toxic concentrations for doneestickens and would explain why
no signs of metal toxicosis (Eisler, 2000) wereorégd in the birds on the contaminated

allotment.

Table. 3.6. Dietary intake of lead (Pb), copper (Cu) and Zifxt) from
the combined soil and feed components, in chickenhe contaminated
allotment. All values in mg K§(dry mass).

Soil component Feed component Total dietary Toxic
Metal Maxvalue 8% Maxvalue 92% concentration concentration
this study reported*
Pb 680 54 1.7 1.6 55.6 >1,850
Cu 210 17 6.6 6.1 23.1 >500
Zn 860 69 23.7 21.8 90.8 >2,000

* Eisler, (2000).
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3.5. Conclusions

In the context of heavy metal pollution, avian bantoring attempts to determine a
bird’s internal exposure to bioavailable metalsrirthe environment, classically
represented by circulating blood concentrationsr{€ss, 1993). It is evident that
current non-destructive biomonitoring methods usiggs, feathers or guano may not
adequately reflect this. Egg and feather produdi@w upon both current intake and
sequestered body reserves, so may not reflectntureavy metal body uptake from
environmental exposure. Also, the homeostatic cbofressential metals (e.g. Cu and
Zn) in blood restricts their deposition in eggs &sathers to within a normal range
(Walsh, 1990). Feathers may gain variable amoumngardace accumulated heavy
metals, which on analysis are indistinguishablenftmoavailable internal deposits
(Scheifler et al., 2006). Analysis of guano is ctiogted by its being a mixture of
faecal and urinary excretions. The faecal heavyalmehay have varied bioavailability,
with non- bioavailable metals simply transiting thgestive system.

The present study has shown that metals can beuneglas AUS but not that
concentrations reflect biological availability basa there was no assessment of
availability or uptake. This could have been acbilsy measuring metal residues in
tissues and/or blood from the birds. The short cgsof the study include the lack of a
proper control group: the control birds in thisdstuvere at a different site, were not
kept on uncontaminated soil, and their diet wakebht. Taking representative samples
of bulked guano and AUS meant that statisticalysmislwas not possible for these
samples, giving only a measure of technical rat@n biological variation. Guano
should have been collected and analysed from iddalibirds, and concurrently
residues of metals determined in their blood aeafgissues, to assess uptake.
Another problem with the study was that metal cotregions in pre- and post-
remediation samples were measured using differethads carried out at different
laboratories. This seriously affects any comparisetween the two measurements and

ads to the problem of using bulked samples.
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Chapter 4.

An investigation into heavy metal concentrationsin breeding seabirds

4.1. Introduction

An earlier unpublished study carried out at Neweddhiversity (R.M. Bevan and |.
Singleton, personal communication), reported highiailnconcentrations in a species of
marine fish collected in 2003 from the North Seakl{f€ 4.1). The fish was a small
benthopelagic species called the lesser sandeehddytes marinus), hereafter sandeel,
caught in the vicinity of the Farne Islands @®8N; 1°37°'W) off the Northumberland
coast in the UK.

Table4.1. Copper (Cu), lead (Pb), zinc (Zn) and cadmium (Cd)
concentrations (mg kgdry mass) recorded in pooled samples of whole
lesser sandeelguhmodytes marinus) caught in 2003 from one inshore
(Ross Bank) and two offshore (Inner Farne and LmmgsBanks) sites in
the vicinity of the Farne Islands. For comparisoblghed sandeel data
and sea bed metal concentrations are included.

Trawl site Date caught Cu Pb Zn Cd
Ross Bank 17/06/03 109.2 2045 365.6 44.8
Ross Bank 24/07/03 83.0 97.0 297.5 0.0
Inner Farne Bank 17/06/03 162.4 179.1 738.8 15.7
Inner Farne Bank 24/07/03 99.3 95.0 166.9 8.5
Longstone Bank 17/06/03 103.0 135.1 159.7 294
Longstone Bank 24/07/03 86.0 165.0 1519 41.8
Isle of May (CEH, 2003/04) 2004 - - 152 -

Fish meal (Moren et al.,2006) 4 0.09 80 0.19
Sediment from Ross Bahk <3.0 16.0 140.0 <0.6

*Mean Zn concentration (n=17) in sandeels from adGHidy.

** Typical analysis of fish meal from North SeaHispecies 30% sandeels composition.

tAnalysis of sea bed sediment from the Ross Bawd tsite (R.M. Bevan and I. Singleton, personal
communication).

This finding would have major ramifications for ttransfer of heavy metals in the
marine environment of the Farne Islands. Not |&ast the pre-eminence of this fish in
North Sea food chains as the major prey of 15dties and numerous seabirds and
mammals in the region (Furness, 2002). There areesdonomic consequences from
such a metal contamination because sandeels typocadistitute the largest single
species fishery in the region; illustrated by #pecies being 37% by mass of the total
North Sea fish caught in 1995 (OSPAR, 2000). Addiily such elevated heavy metal
concentrations may be relevant to recent reportieclining seabird populations and
falling sandeel stocks in the region (Mitchell bf 2004; Mavor et al., 2006). Seabirds

are recognised sentinels of environmental changehatypically involves them being
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impacted from altered food supplies (Croxall et2002). For this reason a study was
devised to investigate whether these high metat@mnations in the sandeels were
impacting on the Farne Island seabirds. This wabled by the fact that tissue
concentrations of heavy metal contaminants frommedsirds are widely used to
biomonitor heavy metal environmental pollution (Ber and Gochfeld, 2000 and
2003). This study was also an opportunity to furiheestigate the utility of extracted
avian urate spheres (AUS) for biomonitoring. Thesvachieved by comparing heavy
metal concentrations in AUS from the guano witkues samples (liver, bone, feather,
eggshell and whole chicks) from seabirds in themypl

The Farne Islands constitute a major summer brgesiia for many seabirds. Three
species which almost exclusively catch sandedisad their young are Atlantic puffins
(Fratercula arctica), black legged kittiwakedssa tridactyla) and Arctic terns@erna
paradisaea), hereafter referred to as puffins, kittiwvakes #emhs respectively. For this
reason samples were collected from colonies oktbesls on Brownsman Island in the
Farne Island archipelago off the Northumberlandstddamples from terns
predominated because their nests were more aclegssibontrast to the underground
burrows of puffins and cliff ledge sites of kittikanests.

Seabirds have been widely used to biomonitor maralleition, including metals, using
various destructive and non-destructive methodsn@as and Camphuysen, 1997;
Gochfeld, 1997). Because many seabird chicks auglihgs die every year from
natural causes, usually starvation, their collecpoovided tissue samples usually only
available through destructive sampling. In additnmm-destructive samples were
collected, consisting of fresh guano and discastgrishells from hatched chicks.

As the initial results from both tissue and uriaenples showed no significant heavy
metal transfer to the birds, freezer-stored sasdemight in the same region between
2002 and 2006 were analysed to check the eantidiniys.

The overall aim of the work in this Chapter wasneasure AUS metal concentrations
to signify the seabirds’ exposure to elevated uekheir sandeel dietin combination
with analysis of tissue samples to enable compargth reported values for such an
exposure. The objective was to provide evidenatAluS could be used as a medium

for biomonitoring environmental heavy metal contaation.
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4.2. Materialsand methods
4.2.1 Background

To measure the metal concentrations in seabitd,diandeels caught by trawler in the
vicinity of the Farne Islands and uneaten fish franound the tern nest sites were
analysed. The uneaten fish consisted of one speab&snake pipefishE(telurus
aequoreus), later referred to as pipefish. Since 2003 tisils §pecies has increased
dramatically in abundance off the Farne Islandsiaradher northern European sea
areas (Harris et al., 2007). As a result, pipefbng with sandeels, have become the
two prey species predominantly fed to the sealhicks (R.M. Bevan, personal

communication).

4.2.2 Sample collection and storage

Samples from the Farne Islands were mostly colielsjeNewcastle University School
of Biology undergraduate students, under the sugiervof Dr R. Bevan, while taking
part in project work. The fresh guano samples wetiected in absolute alcohol as no
freezer was available on the island. Consequerttljievguano was not analysed, only
the extracted AUS following the procedure descrilme@hapter 3. It was assumed that
guano samples from kittiwakes were a mixture ohkaztult and chick in origin, being
collected from the rocks below each nest. The aachpuffin guano samples were
collected off rocks and vegetation on the islansltide chicks of both species are nest-
bound, these represented samples from adult birds.

Samples of pipefish, chicks, fledgling tissues, slgeglls and guano were mostly
collected in June and July 2006 from Brownsmamtsl@f these the tern chicks and
fledgling livers (removed on site) and the freslamm samples were collected and stored
immersed with GPR absolute ethanol in 50mL polyglepe centrifuge tubes
(Fisherbrand®)The tern fledglings, used for bone and feather $asnpaving little
remaining soft tissue (fly-eaten), were collectega@hd frozen later for storage.
Similarly, egg shell and pipefish samples beingwleye frozen later for storage. The
fewer samples collected from the same site in dmaeJuly 2004 consisted of two
whole chicks and six fledglings (used for liver ses), and were all stored frozen. The
sandeel samples had been freezer-stored % f2llowing trawls from three catch

locations around the Farne Islands carried ouhbyMarine Biology Unit, these being
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Ross Bank, Inner Farne Bank and Longstone Bankh&3e Ross Bank constituted an
inshore trawl site within one nautical mile of tmainland while the other two were

offshore sites.

4.2.3 Sample preparation

The various samples other than the sandeels wepamad as described below, then
oven-dried to constant mass alG0No determination of % dry mass was carried out
because most samples were in a semi-dehydratedwdtan collected, or saturated with
alcohol.

A mixture of breast and wing feathers were plucketh each of six fledgling tern
carcases, washed in warm tap water and rinsed\ttQ2l8eionised water to remove
loosely adherent external contamination.

Both left and right wing bones consisting of hunggemadius and ulna, were dissected
from each fledgling tern carcase, with all sofstis scraped off with a stainless steel
knife.

Egg shells, after stripping out the internal membgalong with any pre-hatch guano,
were washed in warm tap water and rinsed with @8d¢ionised water.

Solid urine was extracted from each sample of aghdtpre-hatch guano using GPR
ethanol as described earlier in Chapter 3.

The tern chicks and fledgling liver samples fron@@0vere drained of excess ethanol,
while the equivalent 2004 frozen samples were gégtbovernight prior to both sets
being oven dried.

Following oven drying, all the samples were indivatly homogenised by grinding then
sealed in 50mL polypropylene centrifuge tubes (&isrand®) and dispatched for metal
analysis by a UKAS accredited laboratory. The mesament of metal concentrations in
putatively whole homogenised chick samples waseterchine the whole body burden
of metals. This was similar to a method reporte&/by den Steen et al., (2009) to
measure the total body burden of organic halogédratéutants in blue titsRarus
caeruleus).

The sandeel samples were defrosted at room terapeaior to freeze-drying over a
24-hour cycle in individual plastic weighing boatée total dry mass of each fish was

accurately recorded to 0.01grams using a four-gmtdnce. In most cases the entire
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fish was processed, while an accurately weighedhth@liquot of a well-mixed
homogenised ground sample was used of fish weighiorg than 1.5g.

Digestion of each dry sandeel sample was carrieéthd€jeldahl tubes using freshly
prepared aqua regia (a 1:3 mixture of concentnaiteid and hydrochloric acids) heated
at 95°C in a Gerhardt heat block for 30 min. After belefj to cool to room
temperature, each digested sample was transfer@@%mL volumetric flask made up
to volume with double distilled 180 water and thoroughly mixed. From each sample
a bmL aliquot was filtered (Puradisc® 25AS 0.45pirgye filter Whatman) into
individual polypropylene centrifuge tubes (Fisharm®)prior to analysis by
Inductively Coupled Plasma Optical Emission Speungty (ICP-OES).

4.2.4 Sample analysis

Cd, Pb, Cu, Zn, Hg and Sn concentrations for aligas other than the sandeels, were
determined by a UKAS (United Kingdom Accreditati®arvice) accredited laboratory
(www.aes-labs.co.uk). The in-house method of thi®tatory used Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) after a 2 hodrraflux pre-digestion. Levels of
detection (mg kg dry mass) were poorer for some of the smaller $esn(§:0.5g) but
were generally >0.06 for Hg, >0.3 for Cd and Snfer2Cu and Pb and >4 for Zn.
Although Hg and Sn were not included in the earhietal analysis of the 2003
sandeels, they were included as both Hg (Walsh);1l@nteiro and Furness 1995) and
organic Sn compounds (Walsh, 1990; Kannan and &géan 1997; Tanabe et al.,
1998) are implicated in adverse ecotoxicologictda$ in marine biota.

Metal analysis of the filtered acid digested sahdamples was performed using a
Unicam 701 ICP-OES (Unicam Instruments, Cambri@igegland). Calibration
standards (Sigma) were freshly made up for eachlnetving limits of detection in a
complicated matrix solution of 0.1mg'lfor Pb and 0.01 mgtfor Cd, Cu and zn.

The contribution of metal concentrations in the @eads used for digestion was
determined by running acid blanks without samglas,value being subtracted from
the sample results before calculating metal vallibs.resulting limits of detection in
dry fish samples were Pb 2.5 mg’kand 0.25 mg k§for Cd, Cu and Zn. All metal
concentrations in this report refer to dry massgamonly.
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4.2.6 Data analysis

The Minitab® (version 15) programme was used fatistical analyses and graphical
output. Statistical analysis of the AUS sampledaoot be carried out because they
were derived from pooled guano samples so would i&flect technical variability. The
small number of tissue samples, combined with noomsemetal values below the
detection concentration, meant that the data weei/sed using non-parametric
statistics. These data were presented as mediaraagd of metal concentrations in mg
kg'on a dry mass basis with the Mann-Whitney U testiis determine significant
differences between data sets at a 95% confidemeers/al. The larger number of
sandeel samples allowed for parametric analysisesf metal concentrations after
confirming normality using the Shapiro-Wilk W goaahs of fit test and equal variance
using Levene’s test. Regression analysis was usddtérmine correlations between fish
dry mass and metal concentrations. The parametaesample t-test was also carried
out on the sandeel data to determine significdfeérénces in metal concentrations
between two trawl sites and two fish sizes. Furtttee ANOVA followed by post-hoc
analysis was used to analyse the influence of ge@andeel metal concentrations . P
values less than 0.05 at a 95% confidence inteveat taken to show a statistically

significant difference.

4.3. Results
As none of the samples had detectable concentsabib&n this metal was excluded

from the results.

4.3.1 Fish samples

The pipefish (n=5) had below detection concentretiof all metals except Cu and Zn
for which the median (and range) values were 2)(h@kg* and 50 (40-86) mg kb
respectively.

Although 60 individual samples of sandeels weregssed and analysed as described,
over half were lost from a combination of a fautlgrmostat on the heat block used for
sample digestion and contaminated Kjeldahl digadiibes. As a result only 22 sandeel

samples out of the original 60 are reported omis $tudy.
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The three variables; total dry mass, year of cd@cand trawl site were considered to
be relevant in terms of the sandeel metal concmtia As only 2 fish were analysed
from the Longstone Bank trawl, a comparison betwtesnl sites was only carried out
between the other two sites.

To determine if a relationship existed betweenl tita mass and metal concentrations,
simple scatter plots were produced, which in CdaRd Zn suggested a curvilinear
relationship. For this reason logarithmic transfednotal dry mass values were used to
show graphically how the age of the sandeels, asuned by their total dry mass,
influenced metal concentrations (Fig.4.1.). Sigifit negative correlation was shown
between the log dry mass of the fish and thre@eftetals. Specifically Cd:’R

77.6%, P< 0.001, Pb:"R 39.1%, P= 0.002 and Zn’R39.8%, P= 0.002. However no
such correlation was shown for Cu concentratioasirty values of B 1.5% and P=
0.582.
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Figure 4.1. Scatter plots showing how cadmium (Cd), coppe,(@ad
(Pb) and zinc (Zn) metal concentrations vary whi log transformed
total dry mass of whole sandeefgrimodytes marinus) caught in the
Farne Island sea area.

As Harris et al. (2008) reported significant difaces in oil concentrations between
size 0 (<0.15g dry mass) and older sandeels, shenfiass were divided into similar size
groups of ©.15g and >0.15g. Size 0 fish had significantlyhieigCd and Pb
concentrations than older fish (Student t-tes®d: t = 7.62, df = 20, p<0.001; Pb: t =
2.82, df = 20, p = 0.011), but there was no sigaiiit difference for Cu and Zn
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concentrations between the two size categoriesléBtu-tests: Cu: t = 0.56, df = 20, p=
0.585; Zn: t=0.37, df = 20, p=0.717).

Figure 4.2 compares metal concentrations in sastetiveen the Ross Bank and Inner
Farne Bank trawl sites. Fish from the coastal trsitel of Ross Bank, had significantly
higher concentrations of Cd and Zn than fish fraerhore off shore Inner Farne Bank
trawl site (Student t-tests: Cd: t= 3.28, df =9,0.004; Zn: t= 3.45, df = 19, p=
0.003), while Cu and Pb concentrations were natisagintly different (Student t-tests:
Cu:t=0.72, df =19, p= 0.479; Pb: t= 1.54, d&; = 0.140).
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Figure 4.2. Box plots comparing cadmium (Cd), copper (Cu)dI@ab)
and zinc (Zn) metal concentrations in sande&tsnfodytes marinus)
between the Ross Bank (inshore) and Inner Farnk @dfshore) trawl
sites. Each box represents the interquartile rafgeetal concentrations
around the median value, whiskers denote maximuwmanimum
values and an asterisk any outlier. The crossetea@ignifies the mean
values for each trawl site.

When comparing metal concentrations between traes ¢Fig.4.2.) it is important to
take into account that the Inner Farne fish wagaicantly larger (Fig. 4.3.) than the
Ross fish (Student t-test: t=4.61, df = 19, p€Q)dand because smaller fish had higher
Cd, Pb and Zn metal concentrations (Fig.4.1.)s thiee, rather than location, may be
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influencing these metal concentrations. To rulse thit, similar-sized fish from each site
should be compared. However, too few samples werdahle to undertake this

analysis.

1.2
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0.8

0.6

0.4

0.2+ )

Total dry masswhole fish (grams)
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Ross (n=9) Inner Farne (n=12)
Trawl site
Figure 4.3. Box plots comparing total dry mass of sande&fanfjodytes
marinus) between the Ross Bank (inshore) and Inner Faamk B
(offshore) trawl sites. Each box represents thercutartile range of total
dry mass around the median value; whiskers denatémnum and

minimum values. The crossed circle signifies thamealues for each
trawl site.

A one-way ANOVA of metal concentrations betweeih ftsuught in different years
showed Cd concentrations differed significanthy4(Ef) = 3.981, p = 0.019). However
Cu, Pb and Zn concentrations were not significadifiierent between fish caught in
different years. Tukey post-hoc comparisons offitheeyears indicate that the 2003
caught fish i1 = 0.56, 95% CI [0.40, 0.72]) had significantly heg Cd concentrations
than the 2004 caught fisM(= 0.32, 95% CI [0.20, 0.43]p, = .033. Paired comparisons
between the 2003 caught fish and the other years ma significantly different. A
graphical representation comparing metal conceat&in fish caught in 2003 with
others years is shown as box plots in Fig. 4.4.
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Figure 4.4. Comparison between cadmium (Cd), copper (Cu), (B&)l
and zinc (Zn) metal concentrations in sande&tsnfodytes marinus)
caught in 2003 and those caught in other years nwdbshown as box
plots. Each box represents the interquartile rarigmetal concentrations
around the median value, whiskers denote maximuwmanimum
values. The crossed circle signifies the mean gdloieeach time period
when the sandeels were caught.

Although a comparison of the total dry mass of satglcaught in 2003 with those from

other years (Fig. 4.5.) showed the 2003 fish wiggaificantly heavier (Student t-test:
t=2.52, df = 20, p= 0.020). ANOVA did not showignificant difference between

years (F(4,17) = 2.48, p = 0.083). As a result,higlaer Cd concentrations in 2003

sandeels compared to those caught in 2004 maybesaquence of the year caught

rather than their smaller size.

60



1.21
1.0

0.8

0.61 o

0.2+

Whole fish dry mass (grams)

0.0+

Other yelars (n=14) 2003I (n=8)
Y ear caught

Figure 4.5. Box plot comparing the whole fish dry mass of satsle
(Ammodytes marinus) caught in 2003 with those from other years. Each
box represents the interquartile range of metatentrations around the
median value, whiskers denote maximum and minimales and an
asterisk any outlier. The crossed circle signiflfessmean values for each
year caught group.

Table 4.2 compares the median metal concentrationsthe earlier 2003 study with

samples analysed in this study from the same yehtrawl sites, clearly showing

higher concentrations of all metals in the eademndeel analysis.

Table 4.2. Comparison between median cadmium (Cd), coppey, (Ead
(Pb) and zinc (Zn) metal concentrations in sand@etsnodytes marinus)
reported by the earlier 2003 study and those floersme year and sites
analysed in this study. Metal concentrations irker@pefish Entelurus
aequoreus) from this study and in spratSpf attus sprattus) from a less
polluted fishery study by Amiard et al., (1987) amcluded for
comparison.

Metal analysis mg kg’ dry mass (median)
Earlier study Current study Pipefish Sprats

M etal Trawl site

cd Ross Bank 22.4 0.7 <0.95 0.14
Inner Farne Bank 12.1 0.4

cu Ross Bank 96.1 4.2 20 35
Inner Farne Bank 130.9 13.6

Pb Ross Bank 150.8 7.7 <25 0.24
Inner Farne Bank 137.1 3.6

7n Ross Bank 331.6 110.5 50.0 120
Inner Farne Bank 452 .9 93.4
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4.3.2 Fledgling feather and bone samples

In the feathers (n=6), Cd concentrations were &etow the detection concentration of
0.2 mg k@ Cu, Pb, Hg and Zn were all detectable having are@nd range) mg Kg
values of 10 (9-12), 4.5 (2-8), 0.46 (0.35-0.52) 40 (130-240) respectively.

Wing bone samples (n=6) from the same birds ontiydetectable concentrations of Cu
and Zn, the median (and range) values being 2 éhd)220 (160-240) mg Kg
respectively. No significant correlation was shaih< 0.1%, p>0.5) between these

metal concentrations in bone and feather sampbes &ach bird.

4.3.3. Fledgling liver samples

Only four of the six liver samples from fledglingrins collected in 2004 were analysed
as one was from an adult bird while another hadually high concentrations of Cu
(270 mg kg') and Zn (1300 mg kY. All livers from both years were below the
detection limit for Pb (8mg kY, while Cd was not detected in 2004 samples ayd on
detected in 3 of the 2006 samples with a mediahbfng kg'. Concentrations of Hg in
the 2004 samples were significantly lower than 28@@ples (p<0.05) with median
values of 0.06 and 1.20 mg keespectively. Both Cu and Zn concentrations wete no
significantly different (p>0.05) between the twdleotion years, with median values
for 2004 and 2006 of 28 and 36 mg Cutlkand 175 and 200 mg Zn kgespectively. A
single fledgling puffin liver analysed from 2006chao detectable Cd or Pb, Hg was at
the detection limit (0.06mg Ky and Cu and Zn concentrations were 18 and 130ghg k

respectively.

4.3.4. Whole chick samples

After oven drying it became clear that only the £2@8@mples could be classed as whole
chicks as despite all the chicks being of a sinalge (< 1 week old), the two 2004
chicks had significantly greater dry mass (6.73 aidg) compared to the six 2006
samples (1.99g average mass.), which appearednitite than bones and feathers.
Whole tern chicks (n=2) from 2004 had below detettoncentrations of Cd and Pb,
with median Cu, Hg and Zn concentrations of 7, @8& 120 mg kgrespectively. The
tern chicks (n=6) collected in 2006 had below d&becconcentrations of Cd in all but
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one sample, with median (and range) Cu, Pb, HgZancbncentrations of 16 (10-47), 8
(4-23), 1.15 (0.96-1.6), 155 (140-170) mg'kgspectively.

4.3.5. Egg shell samples

Egg shells from terns (n=3) and kittiwakes (n=6J ha detectable concentrations of
Cd, Pb or Hg. Only one sample from each bird sgdusel detectable concentrations of
Zn these being 9 and 14 mgkeespectively. Concentrations of Cu in the egglshel
between bird species did not appear to differ, beihg in the range 2-4 mg kg

4.3.6. AUS samples

The AUS samples extracted from the ethanol-preseguano of kittiwakes, terns and

puffins provided 4, 1 and 5 samples respectivegb(@ 4.3).

Table 4.3. Cadmium (Cd), copper (Cu), lead (Pb), mercury (&fg) zinc
(Zn) metal concentrations in extracted urate spkaneples (mg kgdry
mass) from guano of adult seabirds* and pre-hagabisd chickst
collected on the Farne Islands in 2006.

Bird Dry massg. Cd Cu Pb Hg Zn
0.23 15 <08 <8 <0.06 260
Kittiwake (Rissa 0.28 2 8 <4 <0.06 460
tridactyla) * 0.36 0.9 6 <4 <0.06 230
(adult and chick) 0.43 0.8 7 <4 <0.06 180
Tern Serna 0.50 <08 14 9 <006 390
paradisaea)
0.56 15 10 10 0.07 350
. 0.33 15 10 <4 <0.06 310
Puffin
(Fratercula 0.33 15 10 9 <006 340
arctica)* 0.35 1 11 <4 <0.06 300
0.55 1 7 <3 <0.06 310
Kittiwake (Rissa
tridactyla)t 0.85 <0.2 <2 <2 <.06 7
Tern (erna 0.23 <0.2 7 <2 <06 <4
paradisaea)t
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Only one sample each of kittiwake and tern extpre-hatch urine was analysed,
being derived from pooled residues from within hdl 8 egg shells respectively.
Because the size of most extracted urine samples<@&g, only microscopic
examination was used to determine their purityhwit samples appearing to consist
entirely of urate spheres. For this reason theesumetal concentrations are reported as
mg kg* dry mass extracted urate spheres rather than thgrigacid. By assuming
these urate sphere samples were approximately 6i6%aid (Casotti and Braun, 2004)
a comparison with metal concentrations per massiofacid in urate sphere samples
from allotment chickens (Chapter 3) is possibleb(éat.4).

Table4.4. A comparison between copper (Cu), lead (Pb) and (Zn)
metal concentrations in extracted urate sphere lesnfom guano of
Farne Island seabirds and allotment chickens. Nhedddues reported as
mg kg' uric acid.

Farne Island Chicken samplest
Metal . Walker Road Branxton Branxton
seabird samples* . . L
uncontaminated| contaminated| postremediation
Cu 13.8 37.6 65.8 16.0
Pb 0.3 6.6 208.5 147.0
Zn 476.9 250.3 526.0 84.5

*Values derived from assuming urate sphere sanwpdes 65% uric acid
tData reported in Chapter 3 on metal concentrafionsate sphere samples from domestic chickens.

Cd was detected in all extracted AUS samples extegit from tern guano, with

concentrations in kittiwake and puffin AUS beinghdar, with median (and range)

concentrations of 1.2 (0.8-2.0) and 1.5 (1.0-1.6)ky" respectively.

Cu was below the detection concentration of 0.&mitin one kittiwake urate sphere

sample and so estimated as 0.4 mg. kdyverall the median (and range) concentration of

Cu in kittiwake AUS was 6.5 (0.4-8.0) mgkghis appeared different from puffin
AUS which had a median (and range) Cu concentratid® (7-11) mg kg. The tern
sample was higher at 14 mg Cu'kg

Pb was neither detected in any kittiwake urate sphamples nor in 3 out of the 5

puffin samples. The remaining two samples had aumatons of 9 and 10 mg Pbkg

and were similar to the tern AUS value of 9 mg BB.k

Out of all AUS samples only one puffin sample hatedtable Hg content, this being

just above the limit of detection at 0.07 mg'kg
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Znwas well represented in extracted AUS from allibitested, having a value of 390
mg Zn kg'in the tern urine. Kittiwake, and puffin AUS samplead similar Zn
concentrations, with median (and range) valuestéf(280-460) and 310 (300-350) mg
Zn kg* respectively.

In contrast to the AUS samples from the adult hicady sparing amounts of Cu and Zn
were detected in the pre-hatch AUS (Table 4.3).

4.4. Discussion
4.4.1. Fish metal concentrations

Contrary to the reported age accumulation of theessential metals (Walsh, 1990),
Cd and Pb concentrations declined with body maggase in sandeels (Fig. 4.1). This
could be a result of the reported increase inamlcentrations with size (Harris et al.,
2008), masking metal accumulation in their interglans.

Interpreting the significance of trawl site or yeaught on metal concentrations in the
sandeels was made difficult because differencéshrsize existed between the site and
year caught (see Figs. 4.2. and 4.5.). Howeverusectihe Cu concentrations did not
vary significantly with fish size (Fig 4.1.), thadk of variation in Cu between trawl
sites or year caught (2003 or other), suggestssfghis the driving factor for any metal
concentration variations.

An explanation for this association is that as fisholder and so increase in dry mass,
they store more oil (Harris et al., 2008), whiclowll be matched by a reduction in
metal concentrations as metals are not stored stefaosits (Yamazaki et al.,1996 he
original data on sandeel metal concentrations weam frawls carried out in 2003 so it
was important to determine if the high concentraiovere an anomaly of that year
alone. The findings from the present study shatte ldifference between years and
concentrations measured were far below those rgphartthe earlier study.
Furthermore, little difference in fish metal contrations between trawl sites was
shown in the present study, although it has begorted that inshore waters are
typically more polluted than those further offsh@éalsh, 1990).

As Cu and Zn are essential metals that are und&holec control, they generally show
little tissue variation, even over a wide rangem¥ironmental concentrations or
different periods of exposure (Walsh, 1990). Thigicontrast to the non-essential
metals Cd, Pb, Hg and Sn which, being un-regulaygitally show age-related

accumulation in tissues (Walsh, 1990; Amiard etl#187). Metal concentrations in fish
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reported in the literature commonly only refer tasole values, as these are relevant to
human consumption (Burger and Gochfeld, 2005). \Wish metal values, however,
are higher than those found in muscle alone bedhedeser and other internal organs
are sites of metal deposition (Yamazaki et al.,1 @2 pene et al.,1994; Alam et
al.,2002). The metal values reported in the prestrty compare favourably with those
reported by Amiard et al., (1987) in whole spr&w éttus sprattus) from a less

polluted region, having mean Cd, Cu, Pb and Zn hoetacentrations of 0.14, 3.5, 0.24
and 120 mg kg (dry mass) respectively. Furthermore comparabheeotrations are
reported for fish meal from North Sea whole fisbriposed of 38% blue whiting, 30%
sandeel, 20% Norway pout and 12% herring), with@ua, Pb and Zn concentrations of
0.19, 4, 0.09 and 80 mg kddry mass) respectively (Moren et al.,2006).

In contrast, contrary to the concept of Cu and @mcentrations being modulated
(Walsh, 1990), Unlu and Gumgum, (1993) reportednditically high mean (n=10) wet
mass concentrations of Cu and Zn in samples of (829 & 336mg kg) and muscle
(108 & 59 mg k) respectively, from fishGapoeta capoeta umbla) in a polluted

stretch of the Tigris River in Turkey. Althoughéivconcentrations of Cu and Zn in fish
(and other biota) are not static, being storedhis drgan when in excess (Carpene et al.,
1994), the validity of such high concentrations trhescalled into doubt.

Comparing retested 2003 sandeel samples in thergrssidy with the much higher
earlier reported values (Table 4.2.), it may bemssed that sample contamination was
responsible, as was experienced to a lesser degoee batch of fish samples in the
present study. The pipefish and sandeel samplkbeipresent study had comparable
concentrations of Cu and Zn to those reportederliterature for marine fish.
Furthermore the non-essential metals (Cd and Pi® bedow detection concentrations
in the pipefish and relatively low in the sandewlkjch equates with generally less
polluted fisheries (Walsh, 1990; Amiard et al., 7P8

4.4.2. Bird urine and diet

As stated earlier, statistical analysis could retbne on the metals in AUS data
because sampling reflected technical rather thalodpical variability. This could have
been resolved by directly sampling individual clsickurthermore, this would have
removed the possible complication of adult andicliets being different (see below).

A further weakness was the relatively small nundfezamples collected.
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In Chapter 3 it was reported that dietary metalatemns were reflected in AUS of
domestic chickens, relating to the higher Cu cotreéions of the commercial ration fed
to the Walker Road allotment chickens comparetiégoredominantly whole grain diet
fed to the Branxton chickens (see Table 4.4). &ddikt of adult birds and the food they
provide for their chicks commonly differs (Barrettal., 2007), metal exposure and so
AUS concentrations may differ between the adulbsda and their young. The
extracted urine samples from terns and puffins vasseimed to be from adult birds, so
the excreted metals could originate from a diffefend to that fed to the nestlings. In
contrast, the kittiwake AUS samples were a mixtlggved from guano of both
nestlings and adults. Kittiwvakes have a large rg8km) while foraging from the
Farne Islands (R.M. Bevan, personal communicatidnis would allow them to
scavenge fishing boat discard and offal (OSPARD20@om boats typically working
some distance away, while not necessarily feedief food to their young (Barrett et
al., 2007). This is significant because fish offak higher metal concentrations than
whole fish (Yamazaki et al., 19Pénd so ingesting it may result in elevated aduls
concentrationsThe urine metal concentrations reported here rsayraflect the
persistent excretion of previously accumulated teetetissues of the adult birds
acquired from sites remote from the Farne IslaBdsh a persistent excretion was
shown in Chapter 3, where six months after tharalbmt chickens stopped ingesting Pb
contaminated soil, they still excreted Pb in t#ditS from body deposits (see Table
4.4).

Although the Zn concentrations in the snake pipessmples and the diet of the control
chickens reported in Chapter 3 are similar, withdiae values of 50 and 57 mgkdry
mass respectively, the calculated median AUS Zreatnation in the seabirds of
477mg k@' uric acid is much higher than the 250 mg kgic acid reported for control
chicken AUS (Table 4.4). If it is assumed chickand seabirds process dietary Zn in a
similar manner, this would suggest the adult selabare consuming a diet with twice
the Zn concentration of the pipefish. This wouldesgwith their eating sandeels, which
have a median Zn concentration of 100mg Kgy mass. The large quantity of
discarded pipefish at the nest sites would confitenseabirds’ preference for sandeels.
Although Daunt et al. (2008) reported the sandesimonent of nestling seabird diets
varied between species, with kittiwakes, puffind &rns, being 87%, 81% and 34%
respectively, the nestling terns on the Farne tidagpically have a diet composed of

over 90% sandeels (R.M. Bevan , personal commuaigafl his would suggest the
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adults and nestlings are mainly feeding on sande&lghe collected urine should
reflect the current intake of metals from thesh.fis

The wide variation in metal concentrations reportethe literature for whole guano
from marine birds (Table 4.5.) reflects the divigrsif their diet. The high guano metal
concentrations reported by Otero Perez (1998) attributed to the gulls in his study
feeding on municipal rubbish tips. Other dietargtéas such as eating offal, or older
fish and fish at higher trophic levels, would atsoexpected to increase a bird’s metal
intake. However it is important to stress agairt Wilaole guano levels cannot be taken
to represent actual uptake by the bird. This walbeihd upon the bioavailability of the
metal in the diet (Ruby, 2004).

It is widely reported that physiological differescieom age, sex and reproductive status
can affect the flux of metals within adult birdscf@uhammer, 1996; Heinz and
Hoffman, 2004). As a result many factors in confiorcwith their current dietary

intake may influence metal concentrations in trebges’ urine.

Table 4.5. Mean cadmium (Cd), copper (Cu), lead (Pb), mer¢Hg)
and zinc (Zn) metal concentrations (mg'kdry mass) in seabird whole
guano reported in the literature.

Bird Cd Cu Pb Hg Zn
Glaucous gulll(arus hyperboreus)® (n=1) - 6.25 30.0 - 76
Kittiwake (Rissa tridactyla)® (n=2) - 512 216 - 176
Yellow legged gul(Larus michahellis)® (n=13) 58 60.1 39.9 - 305.1
Red-footed boobyQula sula)® (n=12) 6.34 211 1.6 107.8 4194

3Headley, (1996)° Otero Perez, (1998jLiu et al., (2006)

The prolonged excretion of Pb in AUS after site ediation reported in Chapter 3 (see
Table 4.4), would imply that making comparisonsassn current diet concentrations
and whole guano or AUS for non-essential metals Rl Hg and Sn), which
accumulate with age (Walsh, 1990), may not be vélmvever from the chicken data
(Chapter 3), essential metals (Cu and Zn) in AUEeaped to represent current intake
values, so differences could reflect dietary infatthough further studies are needed.
The metal concentrations in AUS from this studylf€ad.3) cannot be directly
compared to the whole guano concentrations (Tableag was shown in Chapter 3.
This is because urine concentrations are enti@typosed of excreted metals while the

guano is a variable mixture of unabsorbed and é@metals. Furthermore the

68



digestive absorption of each metal depends onaevhilability (Ruby, 2004) also the
prevailing body requirements and food concentratidZtiohanna and Nys 1998).

Of relevance to metals passed in the seabird gsat®potential for adding to the soill
metal concentrations on the Farne Islands (HeadR36; Otero Perez, 1998; Blais et
al., 2005; Liu et al., 2006). In many seabird raosts, where soil is sparse or even
absent, such guano deposits may constitute thedbdiie soil, being called
ornithogenic soils (Liu et al., 2006). In this sputie seabird AUS concentrations of Pb
are comparable to those in control chickens fedramontaminated diet (Table 4.4), so
not significantly contributing to soil concentraism However the high Zn
concentrations (median of 477mgaric acid) in the seabird AUS may have an
impact on local flora as this metal is recognisetlé phytotoxic (Gascho and Hubbard,
2006). Furthermore the liberal deposition of guawmer the nesting site (R. M. Bevan,
personal communication) may contribute, by surtam&amination, to the metal
concentrations detected in the various samplesdateld for this study.

The absence of Hg from the adult urine may suggiéstr the detection concentration
was set too high or the majority of Hg in the tsssamples was derived from egg
transfer, rather than a current food source (Weeizal., 1996). With the exception of
the tern sample, Cd is well represented in theis&tJS and may reflect its
association with kidney tissue (Wenzel et al., 29861 age accumulation in adult birds.
Although the tern urine was below the Cd detectioncentration of 0.8mg Kg this
does not preclude it from having significant Cdtem. Trace amounts of Cd in some
of the tern feather samples may be from surfacéacanation with guano, while this
metal's presence in some fledgling liver samplgzabably from the diet. Pipefish had
below detection concentrations of Cd(&mg.kg") while sandeels all had detectable
concentrations above this although below 1mg. Kthe Cd in urine from puffins and
kittiwakes may suggest excretion of age accumuldégbsits in the adult birds or
reflect a current intake. In either case, the ucmecentrations appear to be a valuable
biomarker of exposure to cadmium.

Although the seabird Pb concentrations cannot Iy dgsessed from liver samples
because of the poor detection concentrations (ge€ Hdelow), its lack of detection in
the fledgling tern bones, the tissue of predomim@mosition (Elliott and
Scheuhammer, 1997), suggests a low Pb exposurefifiding is in agreement with the
seabird urine having comparable Pb concentratmuséxposed control domestic

chickens reported in Chapter 3 (Table 4.4). In tegpect because Pb is detectable in
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urine samples under apparently low exposure coretéstis, urine sampling represents
a good method for assessing lead exposure in #ierds.

Pre-hatch urine

In contrast to adult AUS, Cu and more especiallyrZiihe extracted pre-hatch AUS are
dramatically lower. This may be a conservationtstia as the finite Cu and Zn deposits
in the egg are progressively utilised by the devielp embryo. This is reflected in the
reported fact that liver reserves of both metatsob®e depleted prior to hatching. Also,
Cu deposits in the shell are reabsorbed by thenanzbryo (Richards, 1997). The
reported rapid rise after hatching of liver Cu @mdconcentrations in kittiwake
nestlings (Wenzel et al., 1996) may further indéddiiat chicks hatch with suboptimal
concentrations of these essential metals. Thelpbgsof underdeveloped kidneys
being responsible for these low metal concentratismot borne out by research
because embryo chicks are reported to have gloardiittation and tubular
reabsorption capabilities equivalent to adult birdsn day 5 of incubation (Zemanova
et al., 2002). Also, metallothioneins are activielyolved in metal transport throughout
embryo development (Richards, 1997). The lack téatable Pb in the pre-hatch AUS
would suggest concentrations of this metal deteict¢lde whole chicks were from
surface contamination (adult guano). Hg which isreted in bird guano (Kenow et al.,
2007) was not detected in pre-hatch AUS, but thag be a result of up to 93% of egg
transferred Hg is sequestered in the down feathfetge chick (Wenzel et al., 1996).
How embryo chicks apparently avoid passing metateeir urine, while their kidneys
still perform the function of metabolic waste exwmn®, is an interesting question for

future research.

4.4.3. Bird tissue metal concentrations

Although the essential metals Cu and Zn in thigytan accumulate in tissues such as
liver, they are under homeostatic control and steatrations have a limited value in
determining a bird’s exposure (Walsh, 1990). Cotregions of non essential metals
(Cd, Pb and Hg) in the bird samples have to bepntéed in terms of both the metal
and the tissue being analysed. The reason foisthiscause metals have tissue specific
affinity, for example Hg (Furness et al., 1986) &rd(Guruge et al., 1996) for feathers
and Pb for bones (Elliott and Scheuhammer, 199)il&ly Hg is passed in eggs
(Walsh, 1990) but Cd is not (Burger and GotchféRB3), and Pb is predominantly a

surface contaminant in feathers (Nam et al., 2084)Cd is not passed in the egg, it
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age-accumulates with the growth of the chick atta dependant on diet concentrations,
Hg in contrast declines over time after hatchingdjétary concentrations are low
(Wenzel et al.,1996).

Whole chick samples

Meaningful comparison between metal concentrationise whole chicks from 2004
and 2006 are limited because they were dramatiddfigrent in terms of their tissue
content (Table 4.5.). As all the chicks were cltuseewly hatched_(kw.0.) they would
not have accumulated significant amounts of métata their diet, compared to the
fledgling birds. In this regard the whole chick aletoncentrations should approximate
to egg content (Wenzel et al., 1996). Also the wtablick samples would principally
represent a combination of current diet and agamatated non-essential metals
passed from adult birds into the egg (Wenzel eL8B6). In contrast liver and bone
samples from fledglings, in which the residues fregy transfer are considered
negligible (Wenzel et al., 1996), only reflect Ugaf metals from the current diet.
The Pb concentrations of the 2006 tern chicks @48.) are well above 0.4mgkthe
value reported in eggs from Pb exposed birds (Tedmipal., 2003) and the median
value of 0.57 mg Kgin eggs from raptors, seabirds and other fismgatirds (Burger,
2002). From Pb having such a low transfer to e@gal¢h, 1990), the elevated Pb
concentrations in the 2006 tern chicks, is mogtlyiko be from surface contamination
similar to feathers (Nam et al., 2004). Although Bils typically have a mean
background value of 75 mg Pbk¢MicGrath and Loveland, 1992), the nearest
sediment samples taken from the Ross bank areadegramined to have only 16 mg
Pb kg*(Table 4.1). Another source of this apparent Pharaination could be adult tern
guano, which is liberally deposited at the negssiAlthough the tern chicks from both
years were a similar agelwo), the 2006 samples were more decomposed and so
exposed to a longer period of surface contaminatrar to collection. This would
explain why in contrast the 2004 tern chicks hadatectable concentrations of Pb
(Table 4.5).

The low concentration of Hg in the adult urine s&mg<0.06 mg kd) would suggest
its detection in the whole chicks is not a restifwrface guano contamination. Because
Hg in freshly hatched chicks is predominantly frtra egg content (Wenzel et al.,1996;
Becker et al.,1993), whole chicks having a medé&nd (range) value of 1.19 (0.96-1.6)
mg kg* in 2006, and 0.22 (0.20-0.24) mgkip 2004, confirms the presence of Hg in
breeding female terns on the Farne Islands. Thé 200centrations are close to the

reported whole egg range of 1.5-6.0 mg Hg kdry mass equivalent) that reduces egg
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viability also embryo and chick survival (Thompsd896). However the significantly
higher Hg concentrations in 2006 chicks may bearpd from having proportionately
more feathers, which preferentially sequester Hgr{€ss et al., 1986), compared to the
less decomposed 2004 chicks.
The lack of detectable Cd in whole chicks (for bpdlars) agrees with this metal’s low
transfer in eggs, despite Cd being detected inesdadsee 4.3.1) the likely diet of
fledglings leading to detectable concentrationheir livers (see 4.3.3). The low Cd
concentrations in whole chicks may also reflectltive concentration in tern urine
(<0.8mg Cd kg) reducing the potential for surface contaminabeing a source of Cd
in the chick samples.
Fledgling liver samples
Cu and Zn, as essential trace metals under hontieastatrol, are reported to stay
within a narrow range of concentrations in sealwer samples (Elliott and
Scheuhammer, 1997; Savinov et al., 2003). Thisaeairmed by concentrations of
these metals not being significantly different (F>4) between years collected or
between the single puffin sample and the rest fienms. Zn concentrations in fledgling
tern livers from 2006 and 2004 had median (andepamglues of 200 (170-230) and
175 (150-200) mg K§dry mass respectively. These were similar to cotmagons
reported in seabirds, typically in the range 100 200 mg kg dry mass. (Elliott and
Scheuhammer,1997; Walsh, 1990). Cu concentratiotigifledgling tern livers were
36 (30-47) and 28 (19-38) mg kglry mass respectively for 2006 and 2004, being
similar to reported values of 20 to 30mg*K@lliott and Scheuhammer, 1997; Walsh,
1990). However liver metal concentrations (botreatial and non-essential), can be
artificially elevated by even short periods of g&dion (hours), because of hepatic fat
depletion (Evans and Moon, 1981). Periods of stamware typically associated with
inclement weather on the Farne islands (R.M. Be@&arsonal communication).
Hg concentrations in the fledgling liver samples aell below the maximum normal
value of 20 mg kg for seabird livers (Walsh, 1990). It however iseworthy that the
Hg concentrations are significantly (p<0.05) higime2006 liver samples compared to
2004; similarly liver Cd values appear higher, vwhicay indicate increasing dietary
exposure to these two metals. Alternatively theyoazhdition of the birds could have
varied causing this difference (Evans and Moon,1]1.98
Pain et al., (1995) report that avian liver Pb @riations (dry mass basis) greater than
6mg kg" are reported to imply some exposure, frank poigpeuating to
concentrations above 20mgkand unexposed birds having concentrations around 1
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mg kg*. Consequently, interpreting the results from shisly are made difficult with

the Pb detection concentration beir@ymg kg', although frank poisoning can be ruled
out. This finding is corroborated with the factttha characteristic behavioural signs of
Pb poisoning (Eilser, 2000) have been reportetierseabirds.

Fledgling feather samples

Surface contamination from tern guano could explagnpresence of Pb in the 2006
fledgling feathers, despite no detectable Pb iir thenes or livers.

From adverse effect concentrations (AEL) reportedHy, Pb and Cd in feathers of
marine birds (Burger and Gochfeld, 2000), the meéig concentration in fledgling
feathers reported here of 0.4% kg*, is well below the AEL of 5 mg ki The median
Pb concentration of 5.0mg kds above the AEL of 4 mg Kg but may relate to the less
severe cleaning method adopted in this study becaashing can reduce Pb
concentrations in feathers by up to 60% (Scheéftel., 2006). The Cd concentrations
of 0.2 mg kg or less in these feathers are well below the AER ofg kg'. A

weakness of using feathers to monitor metal exgo®wen for Hg or Sn
concentrations, is that the values only reflecsdesyic concentrations at the time of
feather formation and exposure out with this penaénot be shown (Nam et al.,
2005). However in this study the feathers are ffil@aigling birds, in which the feathers
were entirely formed while on the Farne islands smdepresent a valuable measure of
local exposure to Hg and Sn.

Fledgling bone samples

Cu and Zn concentrations were similar to thosentedan the literature, with Zn
typically 50-100 times that of Cu (Walsh, 1990). &td Cd not being associated with
bone tissue are predictably below detection comagans in these samples. Circulating
Pb is avidly taken up by avian bone, where it aadates more than in liver tissue
(Elliott and Scheuhammer, 1997), although in apaisoning, the concentrations may
be similar in bone and liver (Paine et al., 200/¢an Pb concentrations in seabird bone
and liver samples were reported as 6.2 and <0.5mgdspectively, without frank
poisoning being apparent (Elliott and Scheuhamd®97). Bone concentrations of
between 20 and 100 mgkare considered to be associated with excessivesex@in

a range of bird species (Paine et al., 2007; Edtiat., 2007). For the measurement of
Pb absorption in birds, feathers are of less vidae bones (Paine et al.,2007) because
of the high degree of surface contamination inHeegt (Nam et al., 2004). Consequently

the <2 mg Pb K§in bones of fledgling terns does not reflect aaigant Pb exposure.
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Egg shell samples

Egg shell concentrations of Cu and Zn, although trealimit of detection, are similar
to values reported for curlewllifmenius arquata), in non-polluted sites (Currie and
Valkama, 1998). Egg shell Pb concentrations frogsdgid by birds in Pb
contaminated sites were <0.5mg PB KBlores and Martins, 1997) and even highly
dosed experimental birds only reached egg shetterrations of 2mg Pb KqJeng et
al., 1997). As a result the detection concentrati@mg Pb k) is set too high in this
study for egg shells to be of any value in monitgrseabird Pb exposure. Little or no
Cd is reportedly deposited in egg shell (Flores ldiagtins, 1997) similar to its low
transfer in the rest of the egg (Scheuhammer, )98%rcury, having little affinity for
Carrich tissues like bone (Nam et al., 2005), isassociated with egg shell, which is in
contrast to its high affinity for egg aloumin (Heiand Hoffman, 2004). In conclusion
the egg shell metal analysis in this study isttielivalue for assessing the seabirds’

metal exposure.

4.4.4. Analysisfor tin in samples

The organic form of tin, tributyl tin oxide (TBT®)as been recorded in a wide range of
marine organism@gannan and Falandysz, 1997). The source of TBThamarine
environment is predominantly from anti-fouling pmimsed on boats (Walker et al.,
2001). This pollutant’s toxicity is illustrated ltg endocrine disruptive effect inducing
imposex in the Atlantic dog whell(cella lapillus) (Walsh, 1990), with tissue
concentrations of 0.2-0.4mg Snkédry mass.) as TBTO associated with sterility
(Gibbs et al., 1987).

Fish concentrations

Eisler, (2000) reported Sn concentrations in winaéeine fish can range from 0.3 t0 9.0
mg kg (wet mass.). In this study whole pipefish werebalow 0.3 mg Sn K(dry
mass.) suggesting the lack of butyltin pollutioaward the Farne Islands.

Bird tissue concentrations

Japanese quaiC6turnix japonica) experimentally dosed with TBTO showed reduced
enzyme and hormone activity (Coenon et al., 1988)le exposure of egg laying
female birds caused embryotoxic effects, reducatghability and fertility (Schlatterer
et al., 1993). Kannan and Falandysz, (1997) regatevated butyltin concentrations of
0.35 to 0.87 mg Sn Kg(wet mass.) in the livers of fish-eating watedbifrom the
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Southern Baltic Sea resulting from TBTO pollutidners from cormorants
(Phalacrocorax carbo) living on Biwa Lake in Japan (noted for its TBTOllption),

were reported to have elevated butyltin concemngtranging from 0.14 to 1.01 mg Sn
kg' (wet mass.) (Guruge et al., 1996). As all thedlid) tern liver samples in the
present study had concentrations below 0.075 mkg3rwet mass.) calculated by
assuming 80% moisture in the livers (Kannan etl&98), this would suggest TBTO is
not a significant pollutant in the Farne Island aeza.

Butyltin exposed cormorants from Lake Biwa, Japaowsed elevated feather
concentrations (median 0.30 range 0.15-0.82 mggSmiet mass.), which correlated
with high concentrations in the whole body, suggesteathers can be used as a non-
destructive biomonitor of avian butyltin exposu@ufuge et al., 1996). Cormorants
accumulated 20-30% of their butyltin body burdefieiathers, suggesting the moult aids
detoxification in these birds (Guruge et al., 1996)e preferential deposition of
butyltin in feathers was also reported by Sentmikuet al., (1999b), recording butyltin
concentrations in feathers from birds in Southerid of <0.3mg Sn kfj(wet mass.).
They commented that these birds were less contaaditaan birds from other parts of
the world. The finding of the present study than tieathers had less than 0.3mg Sit kg
(dry mass) would also suggest butyltin is not aisicant pollutant in the Farne Island
sea area.

Urine concentrations

The analysis of urine is used to monitor organekposure in humans (CDC, 2005).
For this reason AUS may be of value to determinaragxposure levels; the results of
the present study may indicate that low exposuvateg to AUS concentrations below

0.3mg Sn kg* dry mass.

4.5 Conclusions

This study clearly showed the earlier reported heacentrations in sandeels caught
in 2003 from around the Farne Islands (Table 4vére erroneously high. Compared to
the earlier data, the fish results from the presamdy better resemble values reported
for fish metal concentrations in the literaturergtass, 1993; Amiard et al., 1987). In
the light of this, the seabirds of the Farne Istaak not being exposed to elevated
concentrations of metals from the sandeels in their

A factor which should have caused suspicion overattturacy of the earlier results was

the high values for the essential metals Cu andhfrch are usually metabolically
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controlled to within narrow physiological concerimas across diverse species (Walsh,
1990).

The low metal exposure to the seabirds was alsbrowed by concentrations in the
various tissues analysed in this study being smhilainexposed birds reported in the
literature.

Without having control seabirds to compare AUS iineddues with, validation of using
the AUS as a sampling method to measure the ssabikgosure to metals is not
possible. However if guano samples had been cetldcom individual nestlings along
with crop sampling (Sutherland et al., 2004) tluald have been a useful study into
using AUS to monitor metal intake. From the poihview of the potential use of AUS
for biomonitoring metal pollution, it is encouragithat metals could be detected in
AUS (despite high minimum detection concentratipasen when no pollution is
suspectedbecause higher AUS metal concentrationklwe expected under conditions

of frank exposure.
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Chapter 5.

M easuring corticosteronein avian urine

5.1. Introduction
5.1.1. Measuring hormonesin bird guano

Over the past two decades the non-invasive measumtavhexcreted hormone
metabolites in animal faeces, including bird gudras gained popularity (Palme,
2005). Guano steroid monitoring offers a powerftdraative to blood sampling and the
associated handling which can trigger a stressiogadetrimental to the bird. The
potential value of this technique for avian physgy studies is shown by its capacity to
determine a bird’s endocrine status. The guanoertrations of excreted sex hormones
such as oestrogen, progesterone and testoste@reebhen correlated with avian
breeding cycles (Bishop and Hall, 1991; Kofuji bt #993; Tell, 1997; Sorato and
Kotrschal, 2006). Furthermore, guano concentratart®rticosterone (the avian stress
hormone), have been shown to reflect changes ihythethalamus pituitary adrenal
(HPA) axis in birds (Goymann et al., 2002; Baltiak, 2005). However, interpreting
the results of such bird studies can be problent&ii@use of the varied composition of
guano, which is a mixture of faeces and urine (IRgs2005). It is reported that
ambient temperature, food composition and othdofadhat lead to differences in
faeces production may affect the concentratiorxofeted hormones in guano
(Goymann et al., 2006). As a result, although guatonone concentrations are
commonly expressed by dry mass (Wasser et al.,)22@€ now thought the total
guantity of excreted hormone over time in guan® msore accurate measure of a bird’s
hormone status (Goymann et al., 2006; Carlssoh, &9). This finding seriously
restricts guano hormone studies in free rangingsbinecause it is impractical to collect

their total guano output over a defined time pef@dymann et al., 2006).

A further complication of measuring the faecal eted hormones in guano is that they
constitute a mixture of several metabolites, wiittel or no parent hormone
(Hirschenhauser et al., 2005). These metabolieeslawwn to differ between male and
female birds of the same species (Rettenbachér 2084) also with diet (Goymann et

al., 2006). As a consequence, measuring the conmpbeare of hormone metabolites
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in guano and relating these values to circulatioigrtone concentrations is problematic
(Goymann, 2005).

To overcome the above issues, measuring excretewbnes in the urine fraction of
bird guano may avoid the disadvantages inheremsiimg the faecal component. Such a
method would be comparable to the analysis of mdrmamarine samples, which are
successfully used for assessing an animal’s enuwegtivity (Touma and Palme,
2005).

5.1.2. Avian urine as a source for excreted hormones

Avian urine has been shown to contain excreted boas (Hiebert et al., 2000;
Rettenbacher et al., 2004; Wasser and Hunt, 2@@%n urine is composed of a
suspension of urate spheres, which contain conceayers of serum albumin derived
from the bird’s bloodstream (Janes and Braun, 1987 major blood protein
transports many substances including hormonesré?d1@96). As a result the albumin
would be expected to transfer bound hormones frabtood into the avian urate
spheres (AUS). The liquid fraction of avian uridescribed as cloacal fluid (CF), has
been used to identify excreted corticosterone mrningbirds (Hiebert et al., 2000).
This technique presents several disadvantages bestricted to birds like
hummingbirds on predominantly fluid diets which pasore liquid urine compared to
other species. The liquid CF can also soak awaydandnaking collection

problematic. In contrast, the solid fraction ofngricomposed of AUS is more stable and
suitable for collection in the wild. Furthermord; Gas the disadvantage of being
contaminated by faecal material as was shown bipetiest al., (2000) when oral
steroid was given. Similarly, faecal contaminatidten causes blood, glucose and
protein to be detected in CF samples used in dimimagnostics (Tschopp et al., 2007).

In contrast to faecal hormones, which are predontip@onjugated metabolites
(Hirschenhauser et al., 2005), AUS hormones agadyiito be in the parent form,
making specific analysis easier. Furthermore, @nldecal excreted hormones, which
are highly modified by digestive processes (Klas2@05), urine excreted hormones
may be protected within the AUS and remain unchdiggween their renal formation
and being passed in guano (Janes and Braun, 1®90ksible reason why urinary

excreted parent hormones have not been detecteldale guano is because the
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hormone metabolites are extracted using alcohdin@a2005), in which the AUS will

remain intact (Drees and Manu, 1996).

In the literature two radio-labelling infusion stesl show avian urine contains excreted
steroids (Wasser and Hunt, 2005; Rettenbacher, &0fl4). However Wasser and Hunt
(2005) reported the solid urates were devoid obglenetabolites while Rettenbacher
et al., (2004) detected no parent steroid molecilesse finding contradict the general
hypothesis of this thesis which predicts parentrtwore should be detected in extracts of
the AUS.

Wasser and Hunt (2005) reported that the solicesratter separation from the liquid
part of the urine in two owl species had negligitaldio-labelled steroid metabolites
following infusion experiments. However these sairdtes were not examined for
morphology and could have been composed of hydedlysJS following contact with
the water that Wasser and Hunt (2005) used to atgptre urine from the faeces. The
addition of water to AUS is reported to cause spoabus re-crystallization with the
subsequent release of incorporated solutes (DreeManu, 1996). Consequently the
radio-labelled steroid metabolites in the AUS cduédte been released into the
separately-analysed liquid phase of the urine witerg were detected in significant
amounts (Wasser and Hunt, 2005). Furthermore WasskHunt (2005) did not
determine the metabolite profile in the liquid @rimaction only the faecal fraction,
where similar to other authors (Hirschenhauset.e2@05), they detected no parent

steroid molecules.

In a similar infusion experiment in domestic chick€Rettenbacher et al., 2004), using
radio-labelled corticosterone, the urine fractisalid and liquid combined) was also
shown to have substantial quantities of radio-lebleinetabolites, although it was not
analysed for which specific metabolites. This wasied out on whole-guano samples
using an alcohol extraction method (methanol 609) that preserves the AUS
structure (Drees and Manu, 1996) and so prevem¢edid analysis of the AUS.
Furthermore the total recovery rate of radioadgtiuitthis study ranged from 52 to 97%
which also supports the hypothesis that some (blygsarent hormone) was undetected

because intact AUS were discarded prior to theyarsal
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5.1.3. Validation of hormone measurements on AUS extracts

As blood hormone concentrations are consideredeantreasure of hormone status in an
animal (Touma and Palme, 2005) it was necessagrtelate AUS concentrations with
circulating blood concentrations of corticosteradewever the interpretation of blood

hormone concentrations is complicated in two ways:

Firstly, hormones in blood are composed of bourdiwarbound fractions, with the
latter, rather than total amount, being thoughpoesible for hormone activity (Romero
et al., 2006). Consequently hormone analysis addkamples should include a
measure of hormone binding proteins in additiototal hormone concentrations
(Breuner et al., 2006).

Secondly, some hormones are released in a pulsai@er (ultradian rhythms); this is
shown as repeating peaks and troughs in sequgriéitn blood samples (Young et al.,
2004). As a result the hormone concentration iimgles blood sample will depend upon

the point at which the pulse is sampled.

These complications make correlating excreta hoeuamcentrations with blood
concentrations problematic. As a reshiglogical or physiological techniques, as
defined by Goymann (2005), are preferable wherdatihg the measurement of
hormones in excreta (Goymann, 2003iological’ validation depends upon measured
hormone changes reflecting normal biological preesssuch as the circadian or daily
corticosterone changes (Breuner et al., 1993jysiological’ validation is based upon
showing hormone changes in response to pharmacalaggents, such as the
suppression of corticosterone concentrations byahethasone administration
(Westerhof, 1998).

To validate measuring corticosterone concentratio#dJS, one biological and three
physiological techniques were explored in this gtltebiological method was to

show the diurnal rhythm of corticosterone concditngs (Breuner et al., 1999). The
physiological methods involved altering circulating corticostegaoncentrations by (i)
ACTH stimulation (Goymann et al., 2002), (ii) dexetibasone suppression (Westerhof,
1998)and (iii) the oral administration of exogenous wasterone (Breuner et al.,
1998).

To facilitate this, a series of experiments on vaédight great titsRarus major)
maintained in laboratory conditions was devisedhbse experiments, blood and AUS
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corticosterone concentrations were measured cartlyrin individual great tits.
Furthermore, to compare this proposed AUS anatgsisnique with a currently used
whole guano protocol, guano samples were conclyranalysed for corticosterone
using the method reported by Goymann et al., (2002)

5.1.4. Summary and specific aims

In summary the non-invasive measurement of birdnlomes is a powerful tool for
avian physiological studies. However the curreshhiques which measure excreted
hormones in whole guano have serious drawbaclkshitpothesised that measurement
of hormone concentrations in AUS may be a vialtlerastive but first a suitable
extraction and hormone analysis method must beloles@ to enable subsequent

validation.
Consequently the specific aims of this chapter viere
1. Develop a method to extract and analyse astiszone from AUS.

2. Validate the proposed avian urine analysihouokt

5.2. Materialsand methods

5.2.1. Great tit subjects and housing

Eight great tits (four male and four females), weaptured from the wild on fovarch
2007, under Home Office Project License number @83 They were kept in a

windowless room, approximately 3 metres squameg fixed photoperiod of 06:15 to
20:15 BST. Ambient temperature was thermostaticaiytrolled at 182°C. The great

tits were housed individually in wire mesh cagete@fjht 45cm and floor area 45cm x
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72cm set on wall mounted shelves around the rodra.diet of the birds was kept the

same throughout their captivity (Table 5.1.).

Table5.1. Ration fed to the captive great tiRaus major) in this study.

Bogena® Universal Food 1 x 5mL scoop

Peanuts 5

Mealworms 6

Wax moth larvae 2

Sunflower seeds Pinch

Apple or pear 1/8 cut segment

Water with added Vit A* 200mL + 2 drops vitamin glgment

* Bluetits, in particular are susceptible to vitamin A deficiency (Hawkins et al., 2001).

Each cage had two perches running front to baclatémdispenser and a food bowl
were attached to the front wall of the cage. Whasing samples were not being
collected, pieces of apple, some foliage and antta were provided to enrich the

bird’s environment.

5.2.2. Guano sampling techniques

Because initial capture can alter stress physio(@ygkens et al., 2009) no guano
collection was carried out on the great tits intithe months after capture. This allowed
the birds to acclimatize to the daily cleaning &etling routine which took place at

09:00 hrs each morning.

Cellophane sheets were placed in the bottom of eagé to collect guano from each
bird at timed intervals of 2 hours. It was founddurs provided adequate guano to
extract enough urine (approximately 50mg dry mdss.hormone analysis. However
this time period was increased when guano productexreased such as during
weighing, blood sampling or drug administrationthié whole guano was to be stored it
was folded up in the cellophane collection shedtfeszen (-86C). For immediate AUS
hormone extraction the guano was scraped from sa@ét, using a disposable plastic
knife, into individual glass sample pots containtimgL of GPR absolute ethanol. Any
AUS adhering to the sheet were suspended in afepsaf ethanol and transferred

using a glass pipette.
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5.2.3. Blood sampling procedure

Blood sampling was performed under a Home Offics®wl Licence (PIL 60/11083).
Methods for blood sampling birds are describedheliterature (Phillips, 1999;
Hawkins et al., 2001). Although these authors ssgte right jugular vein is a suitable
site in smaller birds such as great tits, it wasitbthe cutaneous ulnar (wing) vein was
preferable. This was concluded after one femalatditesuffered a fatal haemorrhage

during jugular blood sampling, resulting in sevaml$®% remaining for this study.

Furthermore, sterile water was used to part tathés rather than alcohol (Hawkins et
al., 2001) because the resulting vasoconstrictiadarthe wing vein impossible to see. It
is recommended by Hawkins et al., (2001) that fone-off blood sample 0.5mL of
blood can be safely taken for every 100g body méabsd. While Phillips, (1999)

reports twice this amount (1% of body mass) caalgdfe withdrawn without ill effects.
As these birds were between 15 and 20 g, to etin@side of caution the blood volume
collected was restricted to B0 taken once in any two week period. This was also
within the acceptable limit for sample volume definn the Project Licence as 1% of
body mass in any 28 day period. The birds were ftdugturning the aviary lights off,
and using minimal light such as a chink in the dwoa small torch. The bird was

immediately taken to a separate room out of sigltearing of the others, for bleeding.

Blood was taken by puncturing the wing vein witfine hypodermic needle (26-gauge)
with the drop that welled up being collected inepérinised micro-haematocrit tube
(Fisher Scientific, UK). The time between enterihg aviary to catch the bird and blood
collection was kept to less than 3 min, to enshia¢ plasma corticosterone
concentrations were not elevated due to captuesss{iVingfield et al., 1982). The tube
was plugged with Cristaseal® and kept upright @wuntil centrifuged at 15,0009 for 15
min. The tube was then snapped to separate thealdmt was then expelled into a

0.5mL Eppendorf tube and stored frozen {&0for later analysis.

Haemostasis was achieved immediately after bloogpbag by holding cotton wool to
the puncture site for 1 minute. After this, if nother bleeding was visible, the bird was

returned to its cage.
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5.2.4. AUS sample preparation and hormone extraction

AUS extraction from whole guano

The guano samples collected in GPR absolute ethearal homogenised using a glass
rod, vortexed briefly and the suspended AUS pipletféinto 2mL Eppendorf tubes
leaving the faecal sediment behind. These Eppendoes were then centrifuged at
2,500 x g for two min, after which the ethanol suag¢ant was discarded. The residue
was then washed twice using fresh ethanol by prigfttexing then centrifuging (2,500
x g for 2min) and discarding the supernatant eewh.tThe final residue was air dried to
constant mass and represented the AUS sample fedngle bird over one collection
period.

Guano samples that had been stored frozen werestisdrat room temperature on the
cellophane collection sheets. If only the AUS fractwas to be analysed the same
procedure of washing with GPR ethanol as descrdbede was followed. If however
the whole guano sample was to be analysed forfaettal and AUS corticosterone, the
guano was scraped (using a disposable plastic)konit® an aluminium foil sheet (10cm
x 10cm) on top of a heat block set at low heal@@@nd thoroughly mixed while being
dried to constant mass. The dry mass of each wjudao sample was recorded (see
Fig.5.6). This dried guano sample was suitablddecal corticosterone analysis using
the method of Goymann et al., (2002). As the residom this faecal analysis contained
intact AUS, it was used to measure the corticoseamncentration in the AUS from the

same guano sample.
Hormone extraction from AUS samples

Between 30-50mg of air dried AUS was accuratelygived in a 2mL Eppendorf tube
using a Sartorius LE225D (Epsom, UK) balance, t®was added 2mL 0.5M HCI,
mixed thoroughly by vortexing (10 sec) and thercethin a sonication bath
(Ultrasonics Ltd, Hove, UK) for 10mins. The hydreéd contents were then transferred
to a ground glass stoppered test tube and shakkrbmiL ether for 15 min. The mixture
was centrifuged for 2 min at 2000x g in a refrigedecentrifuge (4C) to aid phase

84



separation, then snap frozen in a dry ice/ethaattl.l@o neutralise residual acid in the
ether layer it was decanted into a fresh tube @angan equal volume of 1% NaO;
vortexed to mix thoroughly, then rested or ceng@d to allow phase separation prior to
again snap freezing (dry ice/ethanol bath). Therdttyer was decanted into an open
glass test tube and the solvent fully evaporateadfimme cupboard using an air
manifold. The residue was re-suspended inuR08f buffer and 5QL of ‘Caldil’ from

the corticosterone ELISA kit. This solvent reprdserthe zero standard of the ELISA
kit and the small final volumes constituted a corticion step in the extraction. Re-
suspension was aided by placing the glass tess$ inksesonication bath for 5mins. The
contents were then transferred to 0.5mL Eppendbeg and fridge stored (0@) prior
to hormone analysis for corticosterone, using thiSE test kit.

Uric acid analysis of AUS samples

The uric acid content of individual AUS samples watermined using a combination of
an extraction protocol adapted from Adeola and Bog@ll994) and the
spectrophotometric method of Van Handel (1975prlef, the remaining aqueous and
solid residue from ether extraction was allowethtw, then neutralised by adding solid
sodium bicarbonate until effervescence (from libkeataCQ) stopped. To this 10mL of
0.5% LpLCOs was added, vortexed to mix thoroughly and thenbated in a boiling
water-bath for 10 min. After allowing it to coohd entire solution was transferred to a
100mL volumetric flask and made up to volume wi8MR water. After thorough

mixing approximately 5mL was syringe-filtered (Wiman Puradisc, UK) and analysed
for uric acid using the spectrophotometric methbdan Handel (1975). The uric acid
content of each urine sample (dry mass) was deteanising a uric acid standard

calibration curve and calculation of the dilutiatfors.

5.2.5. Hormone analysis of samples

ELISA method

Whole guano, AUS extracts and plasma samples welgseed for corticosterone

content using the OCTEA HS ELISA kit (IDS Itd, Bold, UK). The kit was used in
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accordance with the manufacturer’s protocol. Thé&SBLmulti-well plates were read
using a Spectra Max-Plus 384 micro-plate readdr &ift Max-Pro software
(Molecular Devices, Sunnyvale, CA, USA). Absorbadeéa was analysed using the
programme Fig-P for Windows version 2.7 (Biosof.L.€ambridge, UK). For each
analysis a calibration curve was constructed frioenkit standards and two control
samples (high and low) were used to determine-iaind inter-assay accuracy.
Specificity of the analysis for corticosterone e turate sphere extracts was tested by
showing parallelism between the displacement cup¥esrial diluted extracts and the
corticosterone standard (Goymann et al., 2002).HILSA kit detection limits were
calculated for each analysis from the concentratmmesponding to the mean
absorbance of the zero standards minus two stan@ardtions. Samples were assayed
in duplicate and concentrations were expresse@m@sgnams per gram uric acid. The
ELISA antibody cross reactivity (at 50% bindingzefro calibrator) provided by the
manufacturer stated the following cross-reactivajues: 11-Desoxycorticosterone
18.5%, 11-Dehydrocorticosterone 2.0%, Aldostero2é%, Dexamethasone 0.11%,
Cortisol and Progesterone 0.09%, with other analgter below 0.01%. Values were
not given for the common glucuronate or sulphatéicmsterone metabolites and so
were assumed to be very cross reactive. The signife of the low cross-reactivity to
dexamethasone is important in regard to its uslkedrsuppression experiment (see
5.3.6.).

Other analytical methods used for corticosterone analysis

To compare analytical techniques, ether extraaisetkfrom several great tit urine
samples were reconstituted in mobile phase for RR&Hdetection using the method
adapted from Wong et al., (1994). Initial analysh®wed such samples were highly
contaminated, making detection impractical. In ti@napt to resolve this problem the
ether extracts were cleaned up using a method edl&om Hunt et al. (2006) prior to
RP-HPLC analysis.

A further technique to clean up the urine samplas t@ collect standard derived, timed
samples eluting from the RP-HPLC column (‘heart)clihese samples were analysed
by ELISA also LC-MS/MS using a method similar tan8ani and Jusko, (2007) for
parent corticosterone detection.
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5.2.6. Experimental procedures on great tits.
Sex difference in AUS corticosterone concentrations

At the outset of this study, four birds of each sexe selected. However this design
became unbalanced following one female dying.hélight of sex influencing the

profile of excreted corticosterone metabolites {&dtacher et al., 2004; Goymann et al.,
2002) it was necessary to determine if sex hadrafgiant effect on AUS corticosterone
concentrations and so determine if sex needed toh&dered in any comparative

treatment study.
Diurnal changes of corticosterone concentrations

In this experiment guano samples were collectedtaiur intervals because overnight
guano production was expected to decline from ttasmot feeding in the dark. The
first sample was collected between 15:00hr andQi8:6n day 1 and the last between
12:00hr and 15:00hr on day 2., These were immdslifitzen (-88C) for later

analysis. The collection of guano in the dark peab 21:00hr, 24:00hr and 03:00hr was
facilitated by a low intensity head torch with aoycoloured filter (Romero and Rich,
2007), during which the birds remained immobile aient. All the guano samples
collected in this experiment were later defrostkted and weighed, which provided a
measure of guano production by each bird over &g geriod. Only the first guano
samples after lights-on (06:00-09:00hrs) and tteedéternoon samples (15:00-
18:00hrs) were analysed for corticosterone bectesewere expected to contain the
extreme high and low concentrations respectivelyasial corticosterone over the
diurnal cycle (Breuner et al., 1999). These samwier® analysed concurrently for both
faecal and urine excreted corticosterone, usingré#hod for whole guano reported by

Goymann et al., (2002) and the one described loer&UJS respectively.
ACTH stimulation of corticosterone concentrations

The administration of exogenous adrenocorticotrapionone (ACTH) has been widely
used in birds to stimulate the increased releasenicosterone from the adrenal cortex
and so elevate circulating blood concentrationgi{@&sner et al.1994; Wada et al.,
2007). The ACTH analogues used in this study we2d $egment ACTH (Sigma) or
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Synacthen (Alliance). For both, a 1pg dose wasmgwa intramuscular (IM) injection
in the pectoral muscle. From the reported use of A@ birds (Spelman et al.,1995;
Goymann et al.,2002; Rettenbacher et al.,2004; Iglestal.,2005) a blood peak of

corticosterone 30-60 min following ACTH injectioraw expected, with a urine peak

followed by a faecal peak over the next hour. Gariirds not given ACTH received a
similar volume of sterile normal saline IM.

Guano was collected prior to ACTH or saline admiratson at 11:00h and blood
samples were taken at 2 or 4 hours following thections. To determine if blood
sampling following ACTH injection would prolong thielease of corticosterone
(Noirault et al., 1999), some birds were not bleitbiving ACTH administration.
Guano was collected up to 17:00hr (see Table 6txsdheme).

Table5.2. Scheme for ACTH stimulation and sample collectiogreat tits

(Parus major).
Time | Week 1 Bird 1 Bird 2 Bird 3 Bird 4 Bird 5 Bird 6 i 7
09:00| Load cellophane
11:00 | Remove sheet 1] InjACTH Inj ACTH Inj ACTH Inj$aé | Injsaline| Inj ACTH| InjACTH
13:00| Remove sheet2 Bleed
15:00 | Remove sheet 3 Bleed Bleed Bleed Bleed
17:00 | Remove sheet 4
Time | Week 2 Bird 1 Bird 2 Bird 3 Bird 4 Bird 5 Bird 6 i 7
09:00 | Load cellophane
11:00 | Remove sheetl InjACTH Injsaline Injsaline InNEAH | InjACTH | Inj ACTH | Inj ACTH
13:00 | Remove sheet 2 Bleed Bleed Bleed Bleed
15:00 | Remove sheet 3 Bleed
17:00 | Remove sheet 4

Because the initial results from this experimentenaconclusive from possibly

endogenous stress responses causing ‘noise’ mehsured hormone concentrations
(Wilson and Holberton, 2001), the method was medifiThis involved the oral
administration of dexamethasone (see below) poidx@TH stimulation, to prevent

such endogenous stress responses masking theadff&CiTH on AUS corticosterone
concentrations.

Dexamethasone suppression of corticosterone levels

In an adaption of the method described by Wilsah lalberton (2001), a 5mg/kg BW
oral dose of dexamethasone was thought suitablsafedo be given to the great tits.

88




This was administered as a single oral dose ofid@@r 20g bird, using 2L of
5mg/mL dexamethasone in DMSO inoculated into a makh Galleria mellonella)
larva fed to each bird. The dexamethasone was astenied at least two hours prior to
suppression being required (Vanmontford et al.,719® even the day before as the
effect is reported to persist for several days (@fboef, 1998). To avoid prolonged or
additive suppression, which can be fatal in birstiteimer et al., 1994),

dexamethasone was not given more than once a wdbk great tits.
Oral administration of corticosterone

In this protocol, an oral dose of |26 corticosterone was given to four of the great tit
by feeding a mealworniénebrio molitor) injected with 2QlL of 1mg/mL

corticosterone in DMSO as previously described (Beg, et al., 1998; Saldanha et al.,
2000). The remaining three birds were given meatginjected with 2QL DMSO as

a control treatment. From the study by Breunea).e(1998) it was expected that the
birds would show a rapid increase in blood cortieamne (within 7 min), returning to a
resting concentration after one hour. Consequéhéyime interval between feeding the
spiked food and taking a blood sample was criticaletecting the blood corticosterone
peak and was kept between 20 and 30 min. Guanolssmpre collected at two-hourly
intervals from each bird comprising two collectidrefore, and three after, the time of

treatment.

5.2.7. Data analysis

Minitab (version 15) and Sigma plot (version 11)gmammes were used for statistical
analyses and graphical output. Parametric analgsng the paired T test was carried
out on data from individual birds and the two saemplest on birds as a group, after
confirming the data were normally distributed (Kolgorov-Smirnov Test) and had
equal variance (Levene’s Test). For data not nbyyrdastributed, the Mann-Whitney U
test was used to determine significant differerimtgeen data sets. ANOVA was
performed on the 24hr guano data to compare undendole guano production for
each 3hr sampling period. P values less than 0e9B taken to show a statistically

significant difference.
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5.3. Results
5.3.1. Specificity of the ELI SA analysisfor corticosterone

The test for parallelism, used to show specifioityhe ELISA test for corticosterone
(Goymann, 2005), between serial dilutions of AU8ants and a corticosterone
standard showed a close approximation to each.d#oevever whole guano extracts
produced using the faecal extraction method by Goynet al., (2002) did not show
parallelism (Fig.5.1.).
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- (X ] ro
oh (=] (=]
L

measured in ELISA plate well
>

Corticosterone concentration ng/mL

0 0.2 04 0.6 0.8 1
Sample and standard dilutions

Figure5.1. Graph showing test for parallelism of trend libesween
serial dilutions of a corticosterone standard (eirsolid line)and extracts
from either urate spheres (triangle, dotted lins)ng the reported method
here or whole guano (square, dashed line), usmgigthod by Goymann
et al., (2002).
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5.3.2. Sex difference between corticosterone concentrationsin AUS samples

The corticosterone concentrations in male and ferAblS samples (15 of each) were
collected over a single day and compared (Fig.5h)this occasion the AUS from
male great tits had significantly higher corticoestee concentrations than AUS from the
female birds (t = 2.40, df =28, p = 0.023). Howeivea later analysis with a smaller
sample size (8 male and 6 female samples), botlafaead AUS corticosterone
concentrations failed to show this relationshig(¥i3.). The Mann-Whitney U test
showed no significant difference in steroid concaindns in faeces (p= 0.282) or AUS

(p= 0.852) between sexes.
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Urate sphere corticosterone ng/g urlc acld
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Male (n=15) Female (n=15}
Urate sphere samples collected cwver cne day

Figure5.2. Corticosterone concentrations (ng/g uric acid), snead by
ELISA, in 15 extracted urate sphere samples fram foale and four
female great titsHarus major) collected over a single day. Mean values
with standard error bar.
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Figure 5.3. Corticosterone concentrations measured by ELISAgeces
(dark grey) using the method by Goymann et al.022@&nd in avian
urate spheres (light grey), from male (8 samplad)famale (6 samples)
great tits Parus major). Mean values with standard error bar.

5.3.3. Diurnal changesin excreted corticosterone concentrations

Corticosterone concentrations were measured cartlyrin faeces and AUS from the
great tit guano samples collected in the mornirdjlate afternoon (Fig.5.4.). There was
a significantly higher corticosterone concentratiothe morning faecal samples than
the late afternoon samples (t= 2.82, df = 12, p048). Although a similar trend was
apparent in the urate sphere samples it was ntstally significant (t= 2.01, df = 12,

p = 0.068).
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Figure5.4. Corticosterone concentrations measured by ELiSaeces

(dark grey) using the Goymann et al., (2002) methadin avian urate

spheres (light grey) from great tRdrus major) guano, collected in the

morning and late afternoon. Mean values with stethderor bar.
Using the total guano mass and uric acid mass gdwseach bird in each time period
and the concentration of corticosterone in eachpfafmg g guano or uric acid), the
total amount of corticosterone passed in the gaa#dJS for each time period was
calculated. There was no significant differencguano total corticosterone (ng/3hrs)
between the morning and late afternoon time perijpd<.40). The total amount of
corticosterone excreted in the urine (ng/3hrs)ruthe morning and late afternoon was

also not significantly difference (p= 0.11).
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5.3.4. Diurnal changesin guano production

From drying and weighing the guano produced aetmaurly intervals by each
individual great tit, the 24hr guano productioreath bird was determined.
Furthermore the uric acid content of each sampkedesermined as a measure of urine

production, the dry mass of whole guano and urid ae compared below (Fig 5.5).
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Figure5.5. Total dry mass of guano (dark gey) and uric acghtlgrey)

passed by seven great tiBaus major) in each 3 hour interval over the

24hr collection period. Mean values with standardrebar.
A one-way ANOVA of guano samples collected at défé times in the light period
showed whole guano dry mass differed significa(fi,30) = 11.35, p <0.001). Tukey
post-hoc pair wise comparison showed both the Qa®am samples had significantly
less mass than the 12am, 3pm and 6pm samples.(bx While there was no
significant difference between the 9am and 9pm $esr(p = 0.176) or between the
12am, 3pm and 6pm samples (p = 0.927, 0.170 a2¥0.A one-way ANOVA of urine
production at different times in the light peridwbsved uric acid content differed
significantly (F(4,24) = 12.99, p < 0.001). Tukeysp-hoc comparisons of the five light
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period sample times indicate that the 9am, 12amm, &pd 6pm sampledi(= 14.99,
95% CI[12.69, 17.29], 14.97, 95% CI [11.52, 18,42].59, 95% CI [11.10, 18.11] and
15.01, 95% CI[12.69, 17.29] respectively) all lsaghificantly higher uric acid content
than the 9pm samplebi(= 10.67, 95% CI [5.78, 15.57]), p < 0.05. One-wdyOVA
excluding the 6-9pm samples showed no significéf@rénce in uric acid content
between these light period sampling times (F(378)30, p = 0.828). However there
was a significant difference between birds, inaheunt of uric acid they each
produced in these sampling times (F(3,18 = 6.9001).

These results show the lag in faeces productitimeastart of the light period from
transit time (Clench and Mathias, 1992). In corituase production is not delayed in
this way. However it appears that both faeces aim@ yproduction practically stop in

the dark period.

5.3.5. Urine corticosterone concentrations following ACTH stimulation

The initial results from ACTH injections given tioet great tits did not show the
expected increase of corticosterone concentratioAtJS or blood samples. This was
assumed to be a result of endogenous stress respivas handling and sampling,
masking the effect of the ACTH (Wilson and Holbert8001). Consequently
dexamethasone was given to the birds the day f@iACTH injection in an attempt to
resolve this problem. Plasma concentrations ofamsterone 40 min after an ACTH
injection (Fig.5.6.) were significantly elevateden\saline injected control birds (t= 6.36,
df=5, p=0.001). The AUS corticosterone conceitrat appeared to increase in both
the saline and ACTH injected birds although neithere statistically significant (p=
0.144 and p= 0.232 respectively). Furthermore goificant difference was shown

between treatments (Fig.5.7.).
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Plasma corticosterone ng mL"

1 Saline 2 ACTH 3 Saline 4 ACTH 5 Saline & ACTH 7 Saline

Bird identification and treatment

Figure 5.6. Plasma corticosterone concentrations in greaRésus
major), measured by ELISA at 40 min after an IM injentaf saline
(control) or 1pug ACTH (Synacthen, Alliance), whilader
dexamethasone suppression. The limit of detectias determined to be
1.25ng mL* consequently all the saline treated birds had teatible
concentrations of plasma corticosterone.

96



70 -

50 -

40

30 -

20 ~

Urate sphere corticosterone ngfg uric acid

10 +

; T W &

Pre Saline Post Saline PreACTH Post ACTH
Saline treated (n=4) ACTH treated (n=3)

Figure5.7. Great tit Parus major) AUS corticosterone concentrations
measured by ELISA before and after 1ug ACTH (Symact Alliance)
or saline (control) injections (given IM), while mourrently under the
suppressive influence of dexamethasone. Mean valitestandard
error bar.

5.3.6. Dexamethasone suppression of corticosterone concentrations

The suppressive effect of dexamethasone on bl corticosterone concentrations
(mean 0.25ng/mL) was shown in four control (salmected) great tits (Fig.5.6.),
following an oral dose of 100ug of dexamethasorergthe day before. Figure 5.8.
shows corticosterone concentrations in AUS fronsellen great tits were significantly
reduced the day after receiving the same 100ugleramethasone dose (t= 4.58, df=
12, p=0.001). The low cross reactivity of dexamastine with the ELISA antibody
prevented its administration significantly elevgtihe measured corticosterone values.
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Figure 5.8. Great tit Parus major) AUS corticosterone concentrations
measured by ELISA before and the day after orahdwthasone
(100ug). Mean values with standard error bar.

5.3.6. Oral administration of corticosterone

Blood plasma corticosterone concentrations (Fig.BSpeared elevated in the four
birds given the 20ug oral corticosterone dose coetpt the three placebo-dosed
birds, however this was not statistically significé& = 1.90, df = 5, p = 0.116).
Although AUS corticosterone concentrations showed@parent increase following the
oral dose of 20 g corticosterone (Fig.5.10.), Was not statistically significant (t =
2.19,df =6, p =0.071).
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Figure5.9. Comparison of great tiParus major) plasma corticosterone
concentrations 20-30 min after the oral adminigirabf placebo 20uL
DMSO only (n=3) or 20ug of corticosterone in 20uMBO (n=4). Mean
values with standard error bar.

1000 -

ca
2

o
2

Urate sphere corticosterone ng/g uric acid
$
=

g
—

AN\

Fre Placebo Post Placebo  Pre Stercid  Post Steroid

Placebo (n=3) and Steroid (n=4) dosed birds
pre and post treatment

Figure 5.10. Great tit Parus major) AUS corticosterone concentrations,
measured by ELISA, before and after the oral adstriaion to each bird
of a placebo (solid column) or 20ug corticoster@irached column).
Mean values with standard error bar.

99



5.3.7. RP-HPLC and LC-MS/M S detection of corticosteronein great tit AUS samples

Despite using solid phase extraction (SPE) to clgathe AUS extracts, no clear peaks
attributable to parent corticosterone could bealdi identified using RP-HPLC.
Howeverheart cut samples eluting from the column between 10 andibl(aitime
equivalent to the parent steroid) did contain pacerticosterone when analysed by LC-
MS/MS (Table 5.3.). Furthermore analysis of the sheart cut samples by ELISA,

detected the presence of a similar magnitude dicosterone.

Table5.3. LC-MS/MS and ELISA analysis for corticosteronelahinute
heart cut samples from RP-HPLC separated gre@@atitis major) urate
sphere samples (from guano collected following ooaticosterone
administration) and a 200ng/mL corticosterone stathdThe RP-HPLC
data shows the variation of run time (min) of tlearest peak to parent
corticosterone detected for each sample tested.

RP-HPLC LC-MSMS | ELISA
Bird RT (min) | Area ng/mL ng/mL
4 10.42 704 40 54
5 10.52 1192 50 50
6 10.34 1141 72 70
7 10.57 | 4288 2638 800
Standard 10.31 957 146 200

Theheart cut analysis of the corticosterone standard (200ng/nsir)g the ELISA
method gave a recovery of 100% (Table 5.3.). Howenth the bird 7 result this should
be treated as an estimate because the steroidrntoatesn in the ELISA wells in both
cases were above 15ng/mL, the reported upperdihgiccuracy (IDS, 2007). The LC-

MS/MS analysis represented a recovery rate of 73%.
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5.4. Discussion
5.4.1. AUS extraction from guano

AUS were successfully separated from great tit guasing the alcohol suspension
technique described. Furthermore it was shownttigatesidue from a currently used
method of guano hormone analysis (Goymann et@02Pincluded intact urate spheres
which on LC-MS/MS analysis contained parent codiecone (Table 5.3.). This
provides evidence that current techniques of gsé@mid analysis (Goymann, 2005)
discard some urine excreted parent corticostetdagever it is proposed that future
work using a radio-labelled infusion study (Rettactier et al., 2004) should be carried

out to resolve this issue.

5.4.2. Specificity of ELISA technique for measuring corticosteronein great tit AUS

Corticosterone concentrations in serial dilutioh&0S extracts from great tits showed
approximate parallelism with the corticosteronendtads suggesting specificity of the
technique for measuring corticosterone in AUS. Hesvdaecal extracts using the
method by Goymann et al., (2002), showed poor |gdisah to standard corticosterone
(Fig.5.1.), which may indicate interference frommatrix effect or metabolite cross
reactivity (Goymann, 2005). In the light of thistresults of faecal steroid analysis
reported here may be questionable. An unusualreafiboth plasma and AUS
corticosterone concentrations in oral corticosterprotocol (see 5.3.6.) was their
higher values compared with those reported initeeture and in the other analyses in
this study. This may have been a consequenceedEILtISA kit being defective, such
higher values would equate with deterioration ef &mtibody possibly from improper

storage.
5.4.3. The effect of gender on excreted corticosterone concentrationsin great tits

In one experiment (Fig. 5.2.) AUS corticosteronaaamtrations appeared to confirm
the reported finding that corticosterone excrepoufiles from male and female birds
are different (Rettenbacher et al., 2004; Goymarai. £2002). However this difference
was not shown in another experiment (Fig. 5.3.)re/li@ecal and AUS corticosterone

concentrations were measured concurrently. Detipgeas the birds throughout this
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study were the same individuals (4 males and 3 lesphadifferent treatments to the
whole group could be compared. In addition whernrésponse of individual birds to a
treatment was assessed (using before and aftécasierone concentrations), it was not

necessary to take into account the sex difference.
5.4.4. Diurnal changes of corticosteronein great tit AUS extracts

The AUS corticosterone concentrations appeareddw & trend that confirmed a
diurnal peak in the morning samples but it wasstatistically significant (Fig. 5.4.). If

a shorter time period for guano collection had beslacted (e.g. 06:00 to 08:00hrs), it
may have had a greater proportion of early moramge and so may have shown the
corticosterone peak, because of its reported mdgutine at dawn (Breuner et al., 1999).
Although the total amount of corticosterone passegliano over time is reported to be
a better measure of a bird’s hormone status thanguaoncentration (Goymann et al.,
2006), no diurnal difference was shown using thethad.

5.4.5. Diurnal changesin guano production

The quantity of guano produced by the great titg.(5-5.) in the first morning sample
was less than later samples collected over thelmause of the transit time delay
(Clench and Mathias, 199®)llowing the night fast. In contrast, the urinengmonent of
the guano, as measured by uric acid content, remealatively constant over the day;
suggesting a possible advantage of measuring gtienels in AUS rather than in
faeces. The constant urine production is underataledecause it does not have the
transit time delay inherent in faecal productioowéver it was noted the quantity of
urine passed in the guano declined in the laséciddn period of the day which
included a 45 minute period of darkness. Subsecanples collected in total darkness
produced dramatically less urine and faeces withynfierds passing no guano at all. In
all cases if guano was passed it did however costaine urine as evidenced by uric
acid content. Although some authors have dedudad tormation is shut down at
night as a consequence of a torpor state (Hartnadkeh et al., 2004), a more likely
explanation is that the majority if not all of thane is refluxed into the lower bowel for
re-assimilation (Laverty and Skadhauge, 2008).
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5.4.6. Corticosterone response to ACTH administration

The significantly higher plasma concentrationsarticosterone following ACTH
compared to saline injections in the great titg(Bi7.) confirm the birds were
stimulated by the ACTH. The similarity in respottséACTH and saline injections as
measured by AUS corticosterone concentrations g-&j) would suggest
dexamethasone suppression of the HPA system waspiete in these birds.
Consequently endogenous stress responses wegbtilio contribute to the AUS
corticosterone concentrations in the saline ingbbtieds. However comparison between
saline and ACTH treated birds is not valid in tiperiment because of the possible

gender variations in excretion profiles (see 5)4.3.

5.4.7. Corticosterone response to oral dexamethasone

The low plasma corticosterone concentrations (n@e2bng/mL although below the
detection limit of 1.25 ng/mL) following oral dexathasone (Fig. 5.6.) was
dramatically less than blood concentrations (me&rghnlL) in untreated great tits
(Fig.5.10.) and below the basal concentration 8f+3- 1.3ng/mL reported for great tits
in the literature (Cockrem and Silverin, 2002). Bignificant reduction in AUS
corticosterone concentrations following oral dextirasone (Fig 5.8.) constitutes a
physiological validation (Goymann, 2005) of this proposed teghaito measure

hormones in avian urine.

5.4.8. Corticosterone response to oral corticosterone

Both plasma (Fig. 5.10.) and AUS (Fig. 5.11.) saa@howed an apparent but not
statistically significant increase in corticosteearoncentrations following oral
corticosterone administration. The statistical powf this result was low because of
the small sample size consequently more sampleshanagy/ given a conclusive result. A
further modification of this experiment would haween to pre-dose the birds with
dexamethasone to reduce the endogenous stresasegpdilson and Holberton, 2001),
which in this case may have obscured the effetiiebral corticosterone.
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5.4.9. Comparing different analytical techniquesfor corticosterone detection

Hormone analysis of urine samples using liquid ofatography is recognised to be
problematic because of the need for substantiatpitemn clean up steps (M. Dunn,
personal communication). Although the RP-HPLC meéthsed could reliably identify
parent corticosterone (standards), the additiomastituents in AUS extracts obscured
this steroid in sample analysis. This was in cattta the clear traces achieved by other
authors in the field, which suggests that futuralysis should attempt to replicate their
methods more precisely. One improvement to the ogettould be to use an internal
standard such as dexamethasone which should rgealblems of peak identification
and calibration (Wong et al., (1994). It was showthis study the technique of taking
heart cut samples constituted a further clean up step daded clear identification of
the parent corticosterone by LC-MS/MS. The conaurEdISA analysis of the timed
heart cut samples detecting comparable concentrations titosterone was evidence
the RP-HPLC column had separated the parent hornttomas noted that earlier
elutingheart cut samples (5-6 min) from AUS extracts also showetSBLmmuno-
reactivity to corticosterone. This activity may atgito the more polar corticosterone
metabolites which such ELISA techniques typicallyss-react with (Goymann, 2005).

Although the presence of parent corticosteronecgasirmed in AUS extracts by LC-
MS/MS, validation was not possible due to the smathber of samples analysed.
Despite this, it is envisaged that future work wiltestigate the potential of replacing
ELISA with LC-MS/MS analysis of the urate spherglse reason being that ELISA
methods are recognised to be inferior due to n@eiip cross-reactivity, interference
and matrix effects (Goymann, 2005). FurthermoreNLEAVIS is becoming the
preferred alternative to immunoassays (ELISA andl)Rb quantify steroids in the
clinical context (Carvalho et al., 2008; Soldin &aldin, 2009). An added advantage
is that LC-MS/MS analysis of a single sample camasuee several steroids

simultaneously (Hauser et al., 2008).
5.4.10. Theutility of AUS corticosterone concentrations to assess avian stress
Comparing plasma and AUS corticosterone concentrations in great tits

These results showed that plasma and excretedastgrone in AUS can be measured
in great tits. The proposed technique using AUBi¢asure corticosterone status in
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great tits waphysiologically validated (Goymann, 2005) using oral dexamethasone
However the use of this drug can induce prolongeddorticosterone concentrations
which are un-physiological, making it an unreatisgpresentation of normal steroid

fluctuations in great tits.

Relatively short (< 1hour) increases in plasmaicosterone concentrations such as in
response to ACTH or a single dose of exogenousgcosterone may have been hidden
in the AUS by endogenous stress responses of titielibithis respect detecting short or

acute stress responses using AUS analysis woybdaidematic.
Sampling frequency and urine reflux

Great tits being small birds produce only smallrgites of AUS, so the time required
to collect adequate amounts of AUS for analysgadracted. This reduces the
resolution of measuring short lived changes in Ald8icosterone concentrations. The
prolonged collection times (2-3hours) necessathisstudy, may have contributed to
the inability to detect brief changes in corticostee concentrations. This sampling
deficiency may be resolved using larger birds,ltating more frequent AUS sampling.
However the value of measuring short term stregsoeses may be questionable
because long term stressors are more typicallycagsd with the degradation of a

bird’s environment (Mormede et al., 2007).

A further restriction on AUS analysis is the prace$ urine reflux (Klasing, 2005), in
which a proportion of the AUS are refluxed into tbever bowel and digested (Braun,
2009). Consequently the collectable AUS passediamg only contain a partial and
intermittent fraction of the total urine excreteafttecosterone, so further hampering the

detection of short lived changes.
Acute stress and coping styles

Research on chronic stress commonly contradictageemptions made from acute
stress protocols that plasma concentrations oicosterone equate to the severity of
stress (Harvey et al., 1984). This is shown by clually stressed birds having
decreased basal concentrations of corticosteroyreai@ Romero, 2007) and reduced
HPA responsiveness (Rich and Romero, 2005). Ferdaison Mormede et al., (2007)
warns against making firm conclusions on stressheamte assessment of welfare, from

simply the measurement of circulating corticosteroancentrations.
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A further complication when measuring acute stresponses is the effect of avian
personalities or coping styles (Carere et al., 2@@%krem, 2005; Korte et al., 2005;
Koolhaas, 2008). Coping styles are individuallyaagable and can be bred for in birds
(Carere et al., 2003). The significance of copitytess that it makes interpreting acute
stress related corticosterone changes in freemgrgids (consequently with unknown

coping styles) problematic.

Chronic stress causing diurnal flattening and dexamethasone resistance

Two reported biomarkers of chronic stress in digeanimal species are diurnal
flattening and dexamethasone resistance (Toumlg 089). The former is shown by
an elevation of the diurnal trough of basal plaswiicosterone concentrations. The
latter is a relative unresponsiveness to the ugsalppressive effect of dexamethasone
on the HPA system (shown in this study). AlthougireZe et al., (2003) were unable to
detect changes to diurnal concentrations of caterone in chronically stressed great
tits this may have been because the stress waswete enough. The degree of diurnal
flattening depends on the severity and duratiothefstress (Touma et al., 2009). Carere
et al., (2003) also reported that two genetic liolegreat tits with opposite coping styles
showed similar diurnal activity. This may suggéstttunlike acute stress responses
which can vary with genetic coping style (Cockr@®05; Korte et al., 2005), chronic
stress which causes functional changes to the HBt&m®, like diurnal flattening and

dexamethasone resistance (Touma et al., 2009)] beunore robust markers.

As the dynamic testing of the HPA system using dethasone, is advocated for
animal welfare monitoring (Morméde et al., 2007y @hronic (persistent acting) stress
is more relevant to environmental quality assessifMarmede et al., 2007). The
finding in this study that reduced corticosteronaaentrations from oral
dexamethasone are measurable in AUS, may suggesndthasone resistance could
be detectable in chronically stressed birds udiegsame technique. Consequently the
measurement of corticosterone concentrations in All&wing orally administered
dexamethasone, although restricted to captive boaldd be a potential biomonitor for

avian welfare and environmental quality assessment.
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Catecholamines as future avian stress biomarkers

An alternative to measuring corticosterone conegioins to assess environmental stress
in birds may be to measure catecholamine concentsain their AUS. Catecholamines,
principally dopamine, adrenaline and noradrenalia,very important mediators of the
stress response. Furthermore the activation afythmatheadrenomedullary (SAM)
systemis among the earliest responses to stf8apolsky, 2002)Advantages of
assessing the SAM over the HPA system include batamine activity precedes
corticosteroid activity and it does not appeardéab modulated (Spasojevic et al.,
2009). As 15% of circulating catecholamines arergjly protein bound (mainly to
albumin) in plasma (El-Bahr et al., 2006), thigraff may also occur with the albumin
in AUS (Janes and Braun, 1997). In addition a resermy in chickens has shown that
the urinary excretion of catecholamines is the mairte of their elimination (Lepschy
et al., 2008). Consequently it is expected thataailamines could be measured in
extracts of AUS by a similar LC-MS/MS method usediétect catecholamines in

human urine samples (Whiting, 2009).

5.5. Conclusions

This study showed that the hormone corticosterome detectable in extracts from AUS
separated from avian guano. This met the first@ithe study to develop a method to
extract and analyse this hormone from AUS. Furtioee this represents urinary
excreted corticosterone discarded by current tegctes which analyse this hormone in
guano (Goymann, 2005). The second aim of the prasedy, to validate the AUS
method, was accomplished to some extent by detettiiensuppressive effect of
dexamethasone on corticosterone levels, measuredIIBA, in AUS extracts.

However other findings left many questions unansdeén the search for a non-
invasive method to monitor stress in birds, whichyrm part be a consequence of our

limited knowledge of the avian urinary system.
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Chapter 6.

General discussion

6.1. Separating AUS from the faeces in avian guano samples

In birds, urine is passed with faeces, with a \@ei@mount of the urine being
incorporated in faeces from urine refluxed into lihveer bowel (Braun, 2009). Urine
reflux is a post renal modification conservatiomtggy with the proportion of urine
refluxed depending upon the bird’s state of hydrand diet (Laverty and Skadhauge,
2008). When urine is refluxed the constituent AUS& disrupted and the liberated uric
acid is broken down by microbial uricase enzymeas(B, 2009). The intact AUS in
guano represent a fresh non-digested componeniaf arine, which can be extracted
as a stable suspension in alcohol (Drees and M#&86). After drying, these alcohol
extracted AUS constitute a stable powder suitaimetorage and chemical analysis.
Only by stressful catheterisation (Styles and Rhal898) can all the excreted urine be
collected, the proportion of excreted urine cokelchon-invasively from guano deposits
will depend upon how much is refluxed (Laverty &@icdhauge, 2008). If a large
proportion of urine is refluxed into the lower bdwérinalysis from guano deposits may
not detect short lived changes in analyte conceohs (see ACTH response Chapter
5). However prolonged changes as suggested in heatal exposure (see Chapter 3)
and persistent hormone concentrations (see dexaswath suppression in Chapter 5)

are detectable.

6.2. Quantification of AUS constituentsusing uric acid analysis

Because the AUS of diverse species are consist@b¥yuric acid by dry mass (Casotti
and Braun, 2004), contaminants present in AUS eaquantified against uric acid
concentrations. The accuracy of uric acid analigssensitive to the quantity of sample
being analysed because uric acid is poorly soletds in caustic solutions. For this
reason high sample mass may give reduced extragfficrencies and so falsely low
uric acid concentrations. It appears that uricaseghly active in the guano of birds as
the faecal component of guano has little uric @cidtent despite the addition of
refluxed urine (Braun, 2009). This fact is not sigipng as many bacteria and fungi
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possess uricase activity (Yazdi et al., 2006) amth ®rganisms are abundant in the
avian digestive system (Klassing, 2005). A berddfiising alcohol for urine extraction
Is that it kills such organisms and possibly derestihe uricase enzyme, preventing

uric acid destruction.

6.3. Heavy metalsin AUS

In Chapter 3 chickens with access to heavy metahooinated soil showed elevated
concentrations of Pb, Cu and Zn in their AUS coragdo the AUS from control birds
and the same birds following soil remediation. pha&onged excretion of Pb, assumed
to be from sequestered bone deposits (Scheuharh®88), after site remediation gave
proof that this metal was being detected in theeurather than simply resulting from
faecal contamination of the AUS samples. Howevisrstudy was seriously limited in
its design as it lacked a suitable control anddrathadequate number of independent

samples, which precluded statistical analysis.

In Chapter 4 the low metal concentrations detectesgtabird AUS agreed with the lack
of metal contamination reflected in concurrentljlextted tissue samples and in the re-
analysed fish which constitute the diet of thesdbBds. As metal concentrations were
detectable in the AUS under these conditions,ggests any increase in the seabirds’
exposure to bioavailable environmental metals, Ehaadily be detected using this
method of urinalysis. The findings of this studyrevalso limited by its design. If direct
sampling of the nest-bound chicks had been ussdmbiilld have provided more robust

evidence for the use of AUS to monitor the seabirdstal exposure.

6.4. Hormonesin AUS

The stress hormone corticosterone was detected IBAENn AUS extracts. Parent
corticosterone was identified in extracts of AUShgd C-MS/MS, although this
method of analysis did not provide evidence of hmwenchanges in the birds. Short
changes in plasma corticosterone concentrations m@rconsistently detected in AUS
using ELISA, possibly on account of endogenoussstresponses (Wilson and
Holberton, 2001) and also urine reflux (Laverty &tdhauge, 2008) preventing the

analysis of some of the excreted urine. Howeventbhee prolonged change in plasma
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corticosterone from dexamethasone suppressioneflasted by ELISA detected
corticosterone concentrations in AUS samples, dotisig a physiological validation of
this method (Goymann, 2005). It is concluded thatsion experiments using radio-
labelled corticosterone should be performed tolvesiine clear discrepancy between
this hypothesis and current literature, which implihat it is very unlikely that parent
hormone is present in urine (Rettenbacher et @4 por furthermore AUS (Wasser and
Hunt, 2005).

6.5. Concluding remarksand futureresearch

Despite the many short comings in experimentalgieshe present study has shown
that potentially relevant concentrations of megadd corticosterone can be measured in
AUS.

AUS have been shown to exhibit robust physical ertiiggs making them suitable for
collection, storage and analysis from guano of lwatth and domestic birds.

From this initial investigation future researchoithe use of AUS for urinalysis and as a
non-invasive biomonitoring method is envisagedliv three paths.

1. To determine the precise mechanism of AUS faomah birds including its genetic
control. This would allow a deeper understanding@i and why biologically relevant
substances may be incorporated within AUS.

2. To use more precise and sensitive analyticahoust such as the LC-MS/MS
analysis of AUS extracts to specifically identifiptmarkers of a bird’s physiological
state and environmental exposure.

3. To develop methods for analysing the proteirstiarents of AUS. This could

include the identification of carrier proteins swahmetallothioneins and CBG, disease

specific protein abnormalities, and proteins towlindividual finger printing.
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