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Abstract

In New Zealand, a pureed diet of Brunswick tinned sardines™ in soya oil (S/Soy) has been
widely fed to Procellariiformes chicks during translocations. The diet provides high fledging
rates, however, when fed for longer periods diseases have occurred that may be related to
malnutrition and may impact fledgling survival at sea. The effect of dietary oils was compared
in feeding trials by substituting soya oil with fish oil during chick translocations of two burrow
nesting petrel species. Fish oil supplemented diets were fed to 30 of 76 grey-faced petrel
chicks (Pterodroma macroptera gouldi; kuia) (GFP) combined with a Mazuri fish analogue®
(M/Fish), and to 20 of 74 fluttering shearwater chicks (Puffinus gavia; pakaha) (FS) fed a puree
of Brunswick tinned sardines™ in spring water (S/Fish). Changes in red blood cell (RBC)
phospholipid fatty acid composition, fledging parameters, and necropsy results were
compared over the 3-week translocation period as well as return rates thereafter. Fledging
parameters were similar between the diet groups, with GFP chicks that were fed the S/Soy diet
fledging at significantly higher weights. Deaths due to visceral gout occurred in GFP chicks
irrespective of the diet fed. Feeding fish oil improved fledging RBC phospholipid fatty acid
ratios to levels that resemble wild seabird diets, with significantly higher docosahexaenoic acid
C22:6n3 (DHA) and arachidonic acid C20:4n6 (ARAC); fatty acids that are important for cellular
communication as eicosanoids and are vital for immune responses in birds. In contrast, chicks
fed soya oil had significantly higher proportions of linoleic acid C18:2n6 (LIN) resulting in RBC
membranes that were filled with plant-based 18-carbon fatty acids, which may not be
metabolizable in some obligate piscivorous seabirds. DHA levels were significantly decreased
which could have a deleterious effect on chick maturation. Until the exact nutritional
requirements of seabirds are known a prudent diet would include fish oils that are already
present in wild marine-based diets. Return rates of FS nine years later have not shown any

difference in effect from the oil-fed.

The three species of petrel were investigated to represent three, distinctly different foraging
strategies: GFP as long-distance foragers, FS as short-distance daily feeders and Chatham
petrel (Pterodroma axillaris; ranguru) (CP) as an endangered species that are long-distance
foragers, yet have a restricted range during the chick-rearing season. The nutrient composition
and fatty acid components of proventricular samples for each species were analysed and

compared to three different translocation dietary groups (S/Soy, M/Fish and S/Fish). The



effect of sampling methods on nutrient analysis was compared between proventricular

flushing (PVF) and spontaneous regurgitation (REG).

Results showed that GFP diets were highly variable in nutritional composition and the sampling
method had a significant effect on results, with REG samples demonstrating higher fat content.
Ash content was highly variable in all species, particularly samples collected by PVF, and
increased the variation reported in proximate analysis results. Yet, irrespective of the sampling
method used, the differences between all species were widely apparent. Species with a short-
foraging strategy (FS) show higher protein and lower fat content compared with those with
long-foraging strategies (GFP and CP). The fatty acid proportions of PVF samples were not
greatly affected by sampling methods but showed diversity when compared between species
and translocation dietary groups. The artificial diet S/Soy had significantly higher proportions
of LIN and alpha-linolenic acid C18:3n3 (ALIN) than any other group, setting it apart distinctly
from all other wild diets as well as artificial diets supplemented with fish oil. DHA and ARAC
were lower in the soya oil diet than in both the fish oil supplemented diets and in the GFP wild
diet. Oleic acid C18:1n9 (OLE) and palmitic acid C16:0 (PAL) were the predominant fatty acids
in wild diets and showed species-specific differences. No artificial diet provided sufficient
nervonic acid C24:1n9 (NERV) to reach levels in wild diets, with tinned sardines in fish oil being
the closest alternative. The CP wild diet was uniquely high in NERV and its n-9 precursors (OLE,
eicosenoic acid C20:1n9 and erucic acid C22:1n9), with markedly low DHA, docosapentaenoic
acid C22:5n3 (DPA), eicosapentaenoic acid C20:5n3 (EPA), and ARAC levels in comparison to
other species, wild diets, and translocation dietary groups. Translocation diets based on
tinned sardines with supplemented fish oil showed closest similarity to the wild diets of all
species studied. Given the dietary importance of long-chain polyunsaturated fatty acids
(PUFASs) for the health and development of chicks, a prudent diet would include
supplementation with DHA, ARAC and NERYV fortified oils. The volume and proportion of fat-
fed in the diet needs further investigation, with careful consideration of the sampling methods

used to determine normal fat levels within the diet.



Acknowledgements

It has taken a village to make this project happen.
First and foremost thank you to the birds, your samples made this all possible!

Nga mihi nui ki a koe to the iwi and representatives consulted on this project. Thank you to:
Hariata Dawn Bennett, Ngati Mihiroa, the Ngati Mutunga Chathams Island Ilwi Authority, the
Hokotehi Moriori Trust, Ngati Awa, the Te Tapatoru a Toi committee, Te Kawerau a Maki, and

Wayne Knox; | am so very grateful to have worked with you and your taonga species.

A massive thank you to my supervisors Brett Gartrell, Nick Cave and Kerri Morgan. The resilient
team who stuck with me through the migrations of two cohorts of seabirds. | have learned so
much throughout this process, and | can’t thank you enough for sharing your impressive
knowledge with me. Thank you Brett for being outstandingly supportive from beginning to
end. Nick, for all of your entertaining advice on nutrition and for introducing me to the
fascinating world of fatty acids. Kerri, for helping me to persevere through the imperfections.

And to all three of you for encouraging me to write like a scientist.

| am incredibly grateful to Graham Taylor, Helen Gummer and Tamsin Ward-Smith, who are
fountains of knowledge on this subject. | appreciate the tremendous amount of time they took
explaining the intricate details of translocations and their assistance in the field made this

project possible.

To Mike Bell and the fluttering shearwater field team: Shane Cotter, Dave Boyle and Nori Bell.
Thank you for your excellent expertise and field skills and most importantly, your great sense
of humour even when | turned up with an ironically labelled ‘portable’ sample freezer that had

to be roped up and down cliffs in the steepest parts of Long Island during the pouring rain.

| am so very grateful for the enthusiasm, knowledge and encouragement from Kate Mclnnes.

One day | may even forgive her for being the rogue who got me into all this!
So many people contributed important information to the project and a special thanks go to:

Rina and Olley Hannaford for their support and statistical superpowers with PCA and

PERMANOVA analysis.



Shane Cotter, from the Matiu/Somes Island Charitable Trust for providing exquisitely detailed

return rate data from the fluttering shearwater colony.

Collin Miskelly and Robert Dunn, thank you for the valuable discussions about your excellent

research.

Felicity Jackson and her brilliant team at the Massey University Nutrition laboratory: Michelle
McGrath, Adrienne Portch and Leiza Turnbull, to name a few. Thank you for being incredibly

helpful and considerate of the endless stream of seabird samples.

Liz and Andy Lowe and the great grey-faced petrel team of Cape Sanctuary staff and
volunteers, led by Tamsin Ward-Smith. | especially enjoyed their fantastic solution-based
approach. | was impressed how gently a pair of fish-net stockings on a stick could walk a
seabird chick out of its burrow. And it is still a delight to remember John Berry turning up with

a giant hand-crafted wooden pegboard that kept track of every chick in the transfer.

To the Taiko Conservation Trust, The Cape Sanctuary, the Moutohora Island Restoration
Society and Matiu/Somes Island Charitable Trust, this project would not have been possible

without your help and impressive conservation efforts.

Thank you to the DOC staff who helped organise the stack of permits and were so helpful in

the field. Especially Lynn Adams, Charlotte skeet, and Abigail Liddy.
Also, thank you to Stuart Hunter for his sage necropsy and histology advice.

| found out the hard way, it’s not easy to raise funds for the diet of little grey birds that
disappear out to sea, so this makes me all the more grateful for the funding contributed from
Wildbase, the Pacific Development Trust and the Avian Health Fund. Thank you to Wattie’s

(Bakels Edible QOils, New Zealand) for donating fresh batches of fish oil for both feeding trials.

To all my family and friends who have supported me through this process, thank you for
helping me build a raft out of this project when it capsized a few times and all the ridiculous
situations in-between. Whether it be kegs of fish oil, broken-down cars or even blood sampling
on Christmas. The list is long, and | am so very grateful to: Fairlie Chappuis, Jeremy Smith, Carl
Jensen, Sue & Stuart Burns, Baukje Lenting, Zoe Grange, Nicky Denning, Bridey White, Pauline
Nijman, Janelle Ward, Sarah Michael, Daniel Sijbranda, Mike Goold, Lisa Argilla, Alice Henry,
Clio Reid and Jenny Vickers.



Vi

Thank you to Tom for your endless support and help every step of the way. Everything from
diving for cover from my exploding samples to living with these seabirds for a decade. Thank
you to my Mum for being my greatest supporter - words are not enough. And finally, Aurora,

thank you for listening to songs of seabird nutrition as your first lullabies.

Permits for this thesis include:

e Massey MUAEC Protocol permit # 10/85 and 10/86

e DOC permit numbers WE-32721/RES, BP-29671-FAU, WE-30439-RES and
WE/29596/FAU.



Vii

Table of Contents

Y o1 1 T PR UTO PP PR PRRRPRRRP ii
FA¥ol [ VY] 1= Fod= o Y=Y o PSPPI iv
TaDIE Of CONTENTS ...eiiitiieiieeetee ettt st s e sttt e st e sbe e s bbeesabeeesabeesabeesneeesareess vii
LISt Of TABIES ..ttt ettt e bt e s ae e sab e st e e b e beesbeesme e et e entean Xii
[ o) 7= (UL TP RP Xiv
LiSt Of ADDIEVIATIONS ....eieiiiiiiiieiee ettt et e s sbt e e sbe e s b e e sab e e sbeeesareeeas xviii
(€] (o 1Y [ VAo i =Y o 0 SRR Xix
(0 0T o1 (=T ol @ o < TSR 1
1 Introduction to petrel translocation diets in New Zealand .........cccccceeecieeeeiiieeeeccieee e, 1
1.1 Conservation benefits of seabird colony translocation. .........ccccceeeieiiiicee e, 2
1.11 Methods of chick transloCations........c.cevviriirciiiiec e 2
1.1.2 Translocation dIEtS.......eoieiriiiie e e 3

1.2 Importance of oils in Procellariiformes diets..........ccoeecvieeiecieii e, 4
1.21 ProventriCUlar Oil..........eoeo i e e 4
1.2.2 The importance of dietary 0ilS......c.eeeeciiiiccicce e 5
1.2.3 Omega 3 and omega 6 polyunsaturated fatty acids. .......cccceeevvieeiciceeeicciee e, 5
1.2.4 Fatty acid SYNTNESIS ..evvei i e e e e 5

1.3 0T = Foq LYo o =Y =Y < =Pt 7
1.4 AIMS OF the STUAY .eeeeiiiiee e e etr e e e sata e e s sataeeeeans 7

(@ =T o1 =T ol VY o PRSP 10
The effect of dietary oils on seabird chicks during translocations ..........c.cccceeeecvieeecciieeeenee. 10

2 ettt —eete e et e e e aa——tteeeee e e e a——tteteeee e e e aabetteeeeee e e aabeteeeeeeee e harateeeeeeeeaanrreeeaeeeeenannrnee 11



viii

2.2 INEFOAUCTION .ottt e re e s b e e sabeeeanes 12
2.2.1 AUIMIS .ttt st sttt et b et s e s b e e bt e b e s be e et e e e e ereen 15
23 Materials and Methods.........ooiiiiiiieee s 15
23.1 S T=To [T oY < =1L TR 15
2.3.2 Red blood cell phospholipid membrane fatty acid analysis .........ccccovveeeeeeennnnns 22
2.3.3 StatistiCal ANAIYSIS wueiieeiiee e e 24
234 POST-MOITEMS...ciiiiiei e 26
235 Return rate assesSSMENt .........coeviiiiiiiiiiiiieii e 26
2.4 RESUIES ..ttt ettt ettt e s bt e st e s bt e e s bt e e ab e e s b e e sneeesabeeeaees 28
2.4.1 GFP fEdiNg Trial..cccceeeeee ettt a e 28
2.4.2 GFP growth parameters: wing length, weight and days before fledging. .......... 28
243 GFP analysis of RBC fatty acids ........cccceeiviiiiiiiiiiiicciee e 31
2.4.4 GFP PERMANOVA of RBC fatty acid profiles.......cccecveeeerciiiiieciieeciee e 34

2.4.5 GFP individual RBC fatty acid comparisons at different stages of the transfer.. 34

2.4.6 GFP RETUIN FateS .ottt 41
2.4.7 A =T=To Y= 4 g T- | AR 42
2.4.8 FS return rates.....ocvviiiniiiiiiiiiii 44
2.4.9 FS rowth Parameters.... ..o cuiiiiiiiieee ettt e e 44
2.4.10 FSRBCfatty acid @nalySiS....ccccuiiiiiiiieeeeiee ettt ettt e e e e 47
2.4.11  FS PCA analysis of RBC fatty acids........cccoueeiiiiiiiieciie e 48
2.4.12  FS PERMANOVA of RBC fatty acid profiles........cccecueiiiiciieiiciee e 49
2.4.13  FSindividual RBC fatty acid comparisons at different stages of the transfer..... 50
2.4.14  Artificial dietary oil fatty acid @analysis ......ccoccvveieeiiiieieciie e, 55
2.4.15  POSt MOIteM reSUILS. ..cueeiiiieiie e e 57
2.5 DISCUSSION...c.utiiiiiiiiiiiiiiic e 61
2.5.1 Summary of Key findiNgS........ceiiciiiiieiee e 61
2.5.2 Feeding trial fledging parameters.......cocccve i eeeciiiiee e 61

2.53 Measures Of BrOWEh ... e e 62



254 FIEAGING PAramMELErS cooueviieeciiee ettt st e s e e s e sbee e e enanes 63
2.55 RETUIN FateS ..oviiiiiiiiiiii e 64
2.5.6 RBC phospholipid fatty acid similarity to wild diets.........ccccecovveeeeiiiieiccieeeee, 64
2.5.7 VT o] =1 IF = T U | SRR 68
258 Limitations of the research ..o 70
2.6 SUMIMIANY 1 70

Chapter Three Nutritional composition of artificial hand-rearing diet compared to wild diets

of Pterodroma and Puffinus Petrel SPECIES........cciccuieie ittt e 72
3 s s e s s s e s e e e e e e e e e s e e e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaaaaaaaaaaaaeaaaaaaaaaeaeaaaraaaraaaens 73
3.1 Y o1 - Tot A T T T O TSSO PUPTOUOTRTORPTOP 73
3.2 INEFOAUCTION .ttt ettt e b e s st bbb e snees 75
3.2.1 Artificial diets used in petrel translocation.........cccceeccvveeeeciiee e, 75
3.2.2 Procellariiformes nutrient requIremMeNnts........cccevevieeeicieee s 75
3.2.3 The limitations of wild diet sampling methods.........cccccovvieiieiiiiiee e, 76
3.2.4 Importance of dietary lipids........ccceeieiiiiii e e 76
3.2.5 Foraging strategies of seabirds sampled..........cccocciiiiieiiiie e 77
3.3 AMIS. ottt es 78
34 Materials and Methods.........cocuiiiiiiiiiiereeeeee s 78
3.4.1 Wild s€abird SAmMPIING......cccuviiiieiiee e e e 78
3.4.2 Laboratory @analysis ... e 81
3.4.3 Statistical ANAIYSIS vueiieeiiee e e e 83
35 RESUITS ..ttt sttt ettt e b e s s bt e nees 85
3.5.1 GFP sampling method and proximate analysis.........cccovceeeeieeccciiiieeee e, 85
3.5.2 CP sampling effect and proximate analysis ........ccccccvveeeeeciieeicciiee e 90
3.53 FS sampling effect and proximate analysis.......cccccoveeviiiieeiiiiiee e 92
3.5.4 Comparison of proximate analysis content between the three species of petrel

93



3.5.5 Comparing fatty acid composition of artificial translocation diets with the wild

diet Of three Petrel SPECIES. ..ovvviiii e saaee e e ssaeaeeeeans 99
3.6 DISCUSSION . ettt ettt e e e et e e e e e s e b et e e e e e e s nrere e e e e e e e e s aneneeeas 106

3.6.1 Replicating wild diets: the effect of sampling methods proximate analysis. ... 106

3.6.2 Differences in fatty acids between wild and artificial translocation diets........ 110
3.6.3 FUBUIE STUTIES «.eveeeiie ettt ettt st et st e s 112
3.6.4 SUMIMATY ittt ettt e ettt et e e e ettt e e e et e e e e e e e st e et e e e e e s e e e e e seseseaeseaeneseerannnns 112
Chapter FOUr General DiSCUSSION ......ccccuiiiiieiieeeccciieeeceitie e e e et e e e ette e e e ette e e s esateeeeeestaeeesnraeeeennes 115
G e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaeaaaaaneens 116
4.1 SUMMArY Of FINAINGS...ciiiiiiiiiieiiie et e e s ae e e s snaeee s 116
4.2 The Importance of fatty acid incorporation into the diets..........cccceeeecieeeeecriee e, 118
4.3 Carry-over effect of the Wild diet.........cooocviiiiiciiiee e 118
4.4 Translocation diet FEVIEW .....c.ceiiiiiriiiiiiieniee ettt 119
4.5 Fat proportions in the diet. ... 119
4.6 Nutritional theory of Procellaiiforme diets..........coceeeecieiiecciii e, 120
4.7 FUTUIE STUIES ettt sttt s s sme e e snee e smneeens 120
4.7.1 Fortify the finishing diet so it can be fed safely for longer periods. ................. 120
4.7.2 NECTOPSY MBVIEW .. uuiiieiiiiiiiiiiiiiteeeeeesisiitteeeeesssssirrreeeeesssssssssneseeeessssssssssseeeesssss 121
4.7.3 Fine-tuning diets based on wild diet resultS........cccceeecieeieeciee e 121
4.7.4 Future GFP transloCatioNns........coocuiiiieeriieeree e e 121

4.8 CONCIUSTON ..ttt sttt ettt sttt b e b e s b e smeesaeeeneeenneens 122

5 REFEIENCES ...t sttt st sr e e s 123
6 Supplementary Material ... e e e raranes 128
A, SaMPlNG MELNOA ... .. i e e e e e e re e e e e e e e e e eannes 128

B.  SAMPIING SILES weeiiiiiei it e e e re e e e eanes 128

C. Amino acids from grey-faced petrels pooled regurgitation and proventricular flushing

=1 0] 0 L= ST 129

D. Fatty acid composition of oils in three artificial diets......ccccccoeecciviviieeieeccccieeeee, 130



Xi



Xii

List of Tables

Table 1. The two artificial diets used in the grey-faced petrel feeding trial...........cccccvveeennnenn. 19
Table 2. The feeding schedule of grey-faced petrel chicks fed two different artificial diets at the
beginning of the transloCatioN..........cocciiii i e e 19
Table 3. The alternative diet (S/Fish) used during the fluttering shearwater feeding trial. ....... 20
Table 4. Fluttering shearwater dietary groups and transiting feeding schedule of the first 4 days
0N the artificial diETS. .ouveiieiieee et e e sare e 21
Table 5. Fledging parameters of grey-faced petrel chicks fed different rearing diets from
translocation to fledging and the statistical tests used to compare groups. ......cccceevvveeerrnnennn. 29
Table 6 PERMANOVA table of grey-faced petrel red blood cell phospholipid fatty acid profiles
comparing chicks over time and diet. Analysing Wild (n=11) control colony samples at a single
point in time and paired blood samples of dietary groups S/Soy (n=10), M/Fish (n=7), at mid-
transfer and Pre-flediNG. ... .o et e e e aaee s 34
Table 7 Estimates of components of variation for grey-faced petrel RBC phospholipid fatty acid
ANIAIY SIS, cuutriei ittt e e e e e e e e e e e e et—e e e e eb—eeeeabeeeeeabaaeeeabteeeeabteeeeabaeeeearaeeeeanrens 34
Table 8 The criteria for inclusion or exclusion of fluttering shearwater chicks in the statistical
analysis groups. Translocation variables that may affect fledging and return rates are
described, noting any chicks that had health concerns, below average fledging criteria, missing
data or are known to have Perished..........coocuiii i e 43
Table 9 Fledging parameters of fluttering shearwaters from transfer to fledge with the
statistical analysis used to compare dietary groups S/Soy and S/Fish. .......cccccvveviiviieeireenieenneens 45
Table 10 Fluttering shearwater red blood cell fatty acid PERMANOVA table of results
comparing the S/Soy and S/Fish dietary groups over time and between individuals. ............... 49
Table 11 Estimates of component variation in fluttering shearwaters red blood cell
phospholipid fatty acid analysis between 2 dietary groups S/Soy and M/Fish, over time and
between iNdividual Dirds..........oo i 50

Table 12 Fatty acid proportions in the oils of the three artificial diets, S/Soy, M/Fish and S/Fish.

Table 14. Grey-faced petrel proventricular samples were collected at three locations using two

different sampling MeEthods. ........ocuiiii e 85



xiii

Table 15. Summary of the effect sampling method and location have on proximate analysis
results in two species of petrel chicks and compared to a previous study of regurgitation
samples from grey-faced petrel chicks (Hendriks et al., 2000)........ccceeeeerieeeeiiieeeeirieeeeereee e, 86

Table 16. Pooled groups of diet samples for nutritional analysis, comparing three species of

Table 17. Comparison of grey-faced petrel mineral and vitamin content in pooled chick
proventricular samples, comparing two different sampling methods with the only previously
published study undertaken by Hendriks et @/ (2000)........ccccuereeiiieeeeiiiiee e e e e 98
Table 18. Comparison of amino acids in pooled regurgitation (REG) and proventricular flushing
(PVF) samples of three species of burrow nesting petrels (grey-faced petrels, GFP; fluttering
shearwaters, FS; and Chatham petrel, CP). Reported on a freeze-dried basis in mg/100mg. . 129
Table 19. Fatty acid composition of oils in three artificial diets fed during this study compared
with the percentage of fatty acids in pooled wild diet proventricular samples from three

LY o LTo LT o) o 1<) d ] USSP 130



Xiv

List of Figures
Figure 1. Map of New Zealand showing petrel colony sampling sites..........ccccceeeevieeieicieeeenen. 16
Figure 2. Gavage feeding of a grey-faced petrel chick.........ccoeveeiiiiiiiiciie e, 18
Figure 3. Boxplot showing the difference in grey-faced petrel transfer and fledging weights of
healthy chicks that fledged on both diets.........ccoccieiiiiiiii e 30
Figure 4 Healthy grey-faced petrel chick weights at transfer and fledging, while being fed either
the S/Soy (N=40) or M/Fish (N=26) diet. ..ccceeiuiiiieciece et s re e reeree s 30
Figure 5 PCA plot of grey-faced petrel RBC phospholipid fatty acids ratios in chicks fed either
the Wild diet at one point in time or the M/Fish and S/Soy over 14-18 days (between mid-
transfer and pre-fledge SAMPIES).... ..o i et e e aae s 32
Figure 6 Changes in grey-faced petrel mean RBC phospholipid fatty acid proportions of key
fatty acids of interest between dietary groups over the transfer period.........cccoceeevciveeennnennn. 33
Figure 7 Difference in weights of S/Soy fed chicks, comparing transfer weight to fledging, with

outlier S10 labelled as this was the heaviest, most recently parent-fed chick in the group...... 33

Figure 8 Wild compared to M/Fish dietary groups at mid- transfer. *............cccceevvreeireccnennne. 37
Figure 9 Wild compared to S/Soy dietary groups at mid-transfer. *..........cccccceveeeiereevieeccreeenne. 37
Figure 10 Wild compared to M/Fish dietary groups at pre-fledging. * .......ccccceovveevvreeieeecreeenne. 38
Figure 11 Wild compared to S/Soy dietary groups at pre-fledging. * ........ccocevvieeierecieeccreeenne. 38
Figure 12 Difference between dietary groups M/Fish and S/Soy at mid transfer. *.................. 39
Figure 13 Difference between dietary groups M/Fish and S/Soy at pre-fledge. *..................... 39

Figure 14 The effect of feeding the M/Fish diet on individual chicks over the translocation from
Mid-transfer 10 Pre-fledge. * ... e e et eare e s e 40
Figure 15 The effect of feeding the S/Soy diet on individual chicks over the translocation from
Mid-transfer to Pre-fledge™ ... e e 40
Figure 16 Differences in individual chicks, between dietary groups M/Fish and S/Soy, over the

L1 =1 1) =T g 01T T Yo USRS 41
Figure 17 Fluttering shearwater weight changes from transfer to fledge, comparing the S/Soy
T2 Lo YA ST 1 1 LT=3 SR TOPPRRRRRRRN 46
Figure 18 Fluttering Shearwaters change in weight from transfer to fledge, comparing the
dietary group's sardine in soya oil S/Soy with the sardines in fish oil S/Fish. ........cccccceevvveennenn. 46
Figure 19 PCA plot of fluttering shearwater chick RBC fatty acid %, showing the change in the
composition of membrane fatty acids 3-4 days after transfer and two weeks later near fledging

and comparing two different dietary groups S/Soy n=9 and S/Fish Nn=10.........cccccevevvverveennnne. 48


file:///C:/Users/Micah%20Jensen/Dropbox/Petrel%20Combo/2021/Home%20run%20petrels%202021/NZ%20petrel%20diets%20thesis-%20888888888.docx%23_Toc89690022

XV

Figure 20 Principal component analysis plot showing the RBC phospholipid fatty acid ratios of
chicks that have since returned to the colony n=11 (green A). Vector overlays show the fatty
acids with the most difference between the groups.......ccccoeciviiccii e, 49

Figure 21 Bar chart showing the comparison of mean RBC phospholipid fatty acid % between

individual fatty acids on each diet at mid-transfer and fledge........cccccoovveieiiiicce e, 52
Figure 22 Mid-transfer differences between chicks fed the S/Fish or S/Soy diet. * .................. 53
Figure 23 Pre-fledge differences in chicks fed the S/Fish or S/Soy diet. *.........ccceevvrevireenennnne. 53
Figure 24 Changes within chicks fed the S/Fish diet from mid-transfer to pre-fledge. *........... 54
Figure 25 Changes within chicks fed the S/Soy diet from mid-transfer to pre-fledge. * ........... 54

Figure 26 Differences in individual chicks, between dietary groups S/Fish and S/Soy, over the
transfer from mid-transfer to pre-fledge™........o e 55
Figure 27 Gross necropsy images of visceral gout in a grey-faced petrel chick #40 fed the S/Soy
011 O T T T O OO VPO POPOTOUPPOTOPPRUPPPO 58
Figure 28 Gross necropsy pictures of two grey-faced petrel chicks fed M/Fish diet. ................ 59
Figure 29 Renal histology of #70 grey-faced petrel chick with visceral gout. The chick was fed
two different diets the S/Soy diet and a hospital diet of pureed salmon SAM. ........ccccceevvvene.e. 60
Figure 30. Map of New Zealand shows seabird colonies' locations where proventricular
samples were collected in this study (Google Earth n.d.).......cccceveeeiiiiiiciiieeieeee e, 79
Figure 31. Boxplot of grey-faced petrel chick wing lengths within the regurgitation sample
groups, showing a significant difference between the Te Henga colony (lhumoana and
Kauwahaia) and the Moutohoura Island Colony..........ccuviiiiiiie e e 87
Figure 32. Boxplot of grey-faced petrel chick wild diet proximate analysis within colony sites Te
Henga (lhumoana & Kauwahaia) with a distant colony, Moutohora Is near Whakatane.......... 88
Figure 33. Boxplot showing the relative size of grey-faced petrel chicks (measured by weight
and wing length) included in pooled proventricular flush (PVF) group 1 and pooled
regurgitation (REG) Sroup 2 SAMPIES. ..cc.ueeeuiieiieeeciee ettt ectee ettt e eteeertae e s be e esabeesbe e eenaeesabeeeanes 89
Figure 34. Components of the proximate analysis of grey-faced petrel diet samples, comparing
sampling methods proventricular flushing (PVF) (n=8) with spontaneous regurgitation (REG),
(1220 ettt ettt h et b e h et e h et bt et e ke he e bt she et e bt ehe e besbe e b e neas 90
Figure 35. Chatham petrel proximate analysis results comparing samples collected by
proventricular flushing (PVF) and spontaneous regurgitation (REG). .......cccccoeeeeeiieeeecciiee e, 91
Figure 36. Gizzard content packed with squid beaks from a necropsied Chatham petrel chick.92
Figure 37. Boxplots showing the proximate analysis of diet samples from fluttering shearwater

chicks (n=10) collected by proventricular flushing. .........ccccooeiiiiiiiii i, 93


file:///C:/Users/Micah%20Jensen/Dropbox/Petrel%20Combo/2021/Home%20run%20petrels%202021/NZ%20petrel%20diets%20thesis-%20888888888.docx%23_Toc89690048
file:///C:/Users/Micah%20Jensen/Dropbox/Petrel%20Combo/2021/Home%20run%20petrels%202021/NZ%20petrel%20diets%20thesis-%20888888888.docx%23_Toc89690048
file:///C:/Users/Micah%20Jensen/Dropbox/Petrel%20Combo/2021/Home%20run%20petrels%202021/NZ%20petrel%20diets%20thesis-%20888888888.docx%23_Toc89690049
file:///C:/Users/Micah%20Jensen/Dropbox/Petrel%20Combo/2021/Home%20run%20petrels%202021/NZ%20petrel%20diets%20thesis-%20888888888.docx%23_Toc89690050
file:///C:/Users/Micah%20Jensen/Dropbox/Petrel%20Combo/2021/Home%20run%20petrels%202021/NZ%20petrel%20diets%20thesis-%20888888888.docx%23_Toc89690050

XVi

Figure 38. Comparison of pooled proximate analysis results across three different species of
petrel (Chatham petrels (CP), fluttering shearwaters (FS) and grey-faced petrels (GFP). GFP
samples are grouped into proventricular flushes (PVF) or regurgitation (REG) samples, CP is a
pool of both sampling methods and FS were collected by PVF.........ccccoiiieiiiiecee e 94
Figure 39. Boxplot showing the difference in proportions of fat in proximate analysis results of
Chatham Petrel (CP), fluttering shearwater (FS) and grey-faced petrel (GFP)) comparing two
sampling methods, proventricular flushing (PVF) and spontaneous regurgitation (REG).......... 95
Figure 40. Proximate analysis ash content displayed in 95% confidence interval plot, comparing
Chatham Petrel (CP), fluttering shearwater (FS) and grey-faced petrel (GFP) samples collected
either by proventricular flush (PVF) or regurgitation (REG). .....ccccovvevieeevieecee e 97
Figure 41. Bar chart showing the percentage of fatty acids found in the three translocation
diets (S/Soy, M/Fish, S/Fish), compared with the wild diet of Chatham Petrel (CP), fluttering
shearwater (FS) and grey-faced petrel (GFP) collected by proventricular flushes (PVF) or
regurgitations (REG) SAMPIES. ....c.uiiiiiieiiee ettt et e ettt e e tee e sate e e bae e sar e e sateeesaeesaneeennes 99
Figure 42. Principal component analysis graph showing the difference in fatty acid composition
between three translocation diets (S/Soy, M/Fish, S/Fish) and three wild seabird dietary groups
Chatham Petrel (CP), fluttering shearwater (FS) and grey-faced petrel (GFP) separated into
groups based on sampling method, proventricular flushes (PVF) or regurgitations (R). ......... 100
Figure 43. PCA of the fatty acid percentage in three translocation diets (S/Soy, M/Fish, S/Fish)
and four groups of wild diet samples (grey-faced petrel (GFP) proventricular flushes (PVF), GFP
regurgitation (R), fluttering shearwater (FS) PVF and Chatham petrel (Chat) PVF/R) compared
using square root transformed data to highlight the influence of long-chain polyunsaturated
fatty acids that are present in lower qUANTILIES......cccccviieiiiiee e 101
Figure 44. The difference in fatty acid percentages between grey-faced petrel (GFP) sampling
methods proventricular flushing PVF and spontaneous regurgitation REG. Only fatty acids
present at >1% are included in the graph. ... 102
Figure 45. Differences in predominant fatty acid percentages between three translocation
diets and pooled proventricular samples from three species of seabird (GFP, FS and CP). GFP
were sampled by proventricular flushing (PVF) or regurgitation (REG). .......ccocveeeveeecrieerveennne. 103
Figure 46. The very long-chain polyunsaturated fatty acid percentages of three different
translocation dietary groups and pooled wild diet samples from three species of petrels (grey-
faced petrel, fluttering shearwaters and Chatham petrels). Grey-faced petrels were sampled by
proventricular flushing (PVF) or regurgitation (REG).........cccoceeeeiiieiieciiie e 104
Figure 47. Percentages of fatty acids in three translocation diets (S/Soy, M/Fish and S/Fish) and

the proventricular contents of three petrel species comparing palmitic acid with the highest



XVii

percentages of omega n-6, n-3, and n-9 fatty acids. The species sampled were grey-faced
petrels (GFP), fluttering shearwaters (FS) and Chatham petrels (CP). Samples were collected by
proventricular flushing (PVF) and or spontaneous regurgitation (REG). ........c.cccceeeeeerreeeennee. 105
Figure 48 Sampling method showing placement of gavage tube for proventricular flushing of a
grey-faced petrel chick and collection of the samples into a clean container after the
proventricular flush or spontaneous regurgitation. Lower right-hand picture shows the
collection of a regurgitation sample in a Chatham Island petrel chick........ccooeeiiiiiiiiiiinnnn, 128
Figure 49 Grey-faced petrel colony at Te Henga showing the two Islands either side of the

peninsula lhumoana Island and Kauwahaia Island, used to compare sample sites within a



XViii

List of Abbreviations

ALIN
ARAC
CAP
CP
DHA
DOC
DPA
EPA
FS
GFP
GLM
LIN

Mid-transfer

M/Fish

NERV

OLE

PAL

PCA
PERMANOVA

Pre-fledge

PUFA
PVF

RBC
REG
SAM

S/Fish
S/Soy
wild

C18:3n3 - cis-9,12,15-Alpha linolenic acid

C20:4n6 - cis-5,8,11,14-Arachidonic acid

C6:0 Caproic acid

Chatham petrel Pterodroma axillaris, (ranguru)

C22:6n3 - cis-4,7,10,13,16,19 Docosahexaenoic acid

New Zealand Department of Conservation.

C22:5n3 —cis-7,10,13,16,19 Docosapentaenoic acid

C20:5n3 —cis-5,8,11,14,17- Eicosapentaenoic acid

Fluttering shearwater Puffinus gavia, (pakaha)

Grey-faced petrel Pterodroma macroptera gouldi, (kuia)

General linear model

C18:2n6c Linoleic acid

Blood samples were collected as close to the transfer from the wild as possible,
6-10 days in grey-faced petrels and 3-4 days in fluttering shearwaters.
Mazuri fish analogue diet® with fish oil added

C24:1n9 - cis-15- Nervonic acid

C18:1n9c Oleic acid

C16:0 Palmitic acid

Principal component analysis

Permutational multivariate analysis of variance

Blood samples were taken at the mid-transfer blood sample as close to chick
fledging dates as could be predicted, 14-18 days in grey-faced petrels and 13-14
days in fluttering shearwaters.

Polyunsaturated fatty acids

Proventricular flushing, collecting wild diet samples by flushing saline into the
proventriculus.

Red blood cells /erythrocytes.

Samples collected by spontaneous regurgitation

Wildlife clinic diet of frozen salmon slurry with multivitamins added and no
additional oil.

Brunswick tinned sardines in spring water™, drained, with fish oil added
Brunswick tinned sardines in soya oil™

Wild diet of grey-faced petrel chicks from a wild control colony at Te Henga.



XiX

Glossary of terms

Eicosanoid Any of a class of compounds (such as the prostaglandins) derived

from polyunsaturated fatty acids and involved in cellular activity.

Foraging strategy The particular method for locating food, whether they smell it, find

it by sight or detect it by chemical means.

Phospholipid membrane Phospholipids are major components of biological cell membranes
and are responsible for dynamic membrane fluctuations and cell
signalling. Phospholipids typically consist of a phosphate head and
a tail of two fatty acids, which form the lipid bilayer membrane of

cells, including red blood cells.

Polyunsaturated fatty acid A fatty acid that contains more than one double bond (C=C). The
(PUFA) essential fatty acids, omega-3, omega-6 and omega-9’s are

polyunsaturated fatty acids (PUFAs)

Proventriculus The glandular part of Procellariiformes birds gastrointestinal tract

situated between the crop and ventriculus (gizzard).

Proventriculitis/ventriculitis Inflammation of the proventriculus or ventriculus of a bird.

Proximate analysis Quantitative analysis of a mixture of food to determine the

percentage of components.

Very long-chain PUFA Polyunsaturated fatty acids with 20 carbons or more.




Chapter One

1 Introduction to petrel translocation diets in New Zealand



1.1 Conservation benefits of seabird colony translocation.

Translocation of burrow-nesting seabird chicks is a pivotal conservation tool used to protect
and propagate colonies of petrels in New Zealand (Gummer, 2003). The need for intensive
management of wild petrel populations is becoming more critical, as globally 29% of all seabird
species globally are threatened with extinction (Borrelle et al., 2018). Within New Zealand
alone there are at least 36 species of burrow-nesting and surface-nesting petrels. Of these: 33
species suffer from human-induced reductions in breeding range, and a further six are

nationally critical or nationally endangered (Miskelly et al., 2009).

Translocations aid seabird recovery programmes by increasing the distribution of threatened
species to areas that are free of predation, habitat destruction, and human disturbance
(Gummer H 2003). New colonies provide a safeguard of additional breeding sites for species
that are vulnerable to threats in their present colonies. (Gummer 2003). Translocations are
also used to re-colonise historic sites where local extinction has occurred or supplement
numbers of individuals in newly seeded colonies (Jones & Kress, 2012). Colonies of burrow-
nesting seabirds also act as ecological drivers for the restoration of disturbed habitats via the
importation of vast quantities of marine nutrients (especially nitrates and phosphates), and the
creation of a subterranean network of tunnels that provide habitat to other species (Miskelly,
2006). Techniques developed to embed new colonies may also be used to support recovery
from invasive species, unexpected ecological disasters due to inclement weather events, and

human impacts such as oil spills (Jones & Kress, 2012).

There are few known examples of petrels naturally recolonising sites following their total
extirpation, mainly due to their strong homing instinct (philopatry) to return to their natal site
and because their population growth is very slow (maximum of one chick per pair per year)
(Miskelly, 2006; Miskelly & Taylor, 2004; Warham, 1990). Few populations are increasing
rapidly enough to seek new colonies or re-colonise vacated breeding grounds without human

intervention. (Miskelly, Taylor et al. 2009).

1.1.1 Methods of chick translocations

Colony translocation involves moving chicks from their natal burrow to a different colony site,
where the chicks are hand-raised in artificial burrows. New colony site imprinting is likely to
occur when the chicks emerge from their burrow and fledge. Translocated chicks return as
adults to reproduce and will also attract pre-breeding birds from other colony sites. With the
aid of acoustic signalling and a range of social attraction methods, translocation has proven to

be effective for the formation of new colonies, (Gummer, Taylor, Collen, et al., 2014).



Translocation is likely to be the only effective way of starting a new colony in a location that is
far away from the usual flight path of a species (Gummer, Taylor, Collen, et al., 2014).
Techniques are constantly evolving, especially concerning artificial diets. (Gummer, Taylor,

Collen, et al., 2014).

1.1.2 Translocation diets
The central aspect of translocations is that chicks must be moved within five weeks prior to
fledging so that they will site imprint at the new location. This entails hand-rearing chicks in

often remote locations.

New Zealand has provided many important studies for seabird translocation and restoration
projects (Jones & Kress, 2012) and over time the translocation diet has improved as feeding
techniques have evolved. In the 1990s, chicks were fed a pureed diet of pilchards, salmon,
squid or krill, with various oils added (from vegetable oil to mutton bird oil) (Bell et al., 2005;
Miskelly et al., 2009), however preparation and storage of these diets were often difficult in
remote field sites (Taylor et al., 2021). Although this diet was capable of producing good
fledging rates in some years, frozen seafood diets were also prone to bacterial contamination,

which led at times to higher death rates. (Bell et al., 2005; Taylor et al., 2021).

Chick fledging rates improved during translocations as the standards of food preparation
advanced, and the translocation diet was transitioned to a diet consisting of Brunswick tinned
sardines in soya oil™ (juvenile Antarctic herrings Clupea harengus), with Mazuri® Vita-Zu®
multi-vitamins added (S/Soy) (see Table 1) (Miskelly et al., 2009; Taylor et al., 2021). By 2009,
1,454 chicks has been translocated and hand-reared on the S/Soy diet (Miskelly et al., 2009).
Nine species of petrels and shearwaters! have been fed the S/Soy diet (Gummer, Taylor, et al.,
2014a; Miskelly et al., 2009; Taylor et al., 2021), irrespective of their different foraging
strategies and potentially diverse prey items. The S/Soy diet was the first diet fed to critically
endangered Chatham Island (Magenta petrel; Pterodroma magenta; taiko) chicks. Yet despite
its widespread use, the S/Soy diet has never been nutritionally assessed for hand-raising
seabirds. The New Zealand Department of Conservation (DOC) protocols do not recommend
feeding the hand-rearing diet for more than 4-5 weeks (Gummer, Taylor, Collen, et al., 2014)

as historically there have been higher deaths related to nutritional disease (Mclnnes, 2007).

1 Common diving petrel (Pelecanoides urinatrix; kuaka), fairy prion (Pachyptila turtur; titi wainui), grey-
faced petrel (Pterodroma macroptera gouldi; kuia), Pycroft’s petrel (Pterodroma pycrofti), Chatham
petrel (Pterodroma axillaris; ranguru), Chatham Island taiko (Magenta petrel; Pterodroma magenta;
taiko), fluttering shearwater (Puffinus gavia; pakaha), and Hutton’s shearwater (Puffinus huttoni;
Kaikoura tit1) and Cook’s petrel (Pterodroma cookie; titi)



Previous grey-faced petrel (Pterodroma macroptera gouldi; kuia) (GFP) translocations have
reported sporadic deaths due to proventriculitis, ventriculitis, visceral gout, renal compromise,
cloacal impaction and hepatic lipidosis (Mclnnes, 2007). This raises the concern that birds may

be fledging with sub-clinical levels of nutritional disease that could impact their survival at sea.

This study assesses the nutritional composition of the S/Soy translocation diet by comparing it
to the proventricular content of wild seabirds of several species and to an alternative
powdered Mazuri® seabird diet. By health screening petrels during translocation and
undertaking dietary trials, the potential contribution of translocation diets to health concerns
before fledging was assessed. Proventricular samples from three species of Procellariidae
chicks were compared to assess sampling methods and nutritional composition when creating

an artificial diet.
1.2 Importance of oils in Procellariiformes diets

1.2.1 Proventricular oil

Proventricular oils are incredibly important to burrow nesting seabirds diets. The
Procellariiformes (albatrosses, shearwaters, and petrels) are unique among birds as they store
large quantities of oil in the proventriculus, a glandular stomach that separates the
oesophagus from the gizzard (Warham et al., 1976). Dietary lipids are the most concentrated
source of food a bird can consume and also supply fatty acids and pigments. (Klasing, 1998).
The oils are accumulated in the proventriculus by delayed gastric emptying where the oil
fraction of partially digested prey (chyme) is concentrated and retained longer than the
aqueous fraction (Foster et al., 2010; Roby et al., 1989). Compared to the energy density of the
original prey items they consume, the energy density of the concentrated oil can increase from
a factor of 5 to 35. The high energy oil can then easily be transported by the birds while
foraging to provision their chicks (Foster et al., 2010; Warham, 1977; Warham et al., 1976).

There are many beneficial functions of proventricular oil. Some species of petrel can
regurgitate stomach oils as a defence mechanism (Padilla, 2015) or offload oils as they are
lightening their weight in preparation for fledging (Baduini & Hyrenbach, 2003). Olfactory cues
from the diet fed to nesting chicks have been linked to learned foraging behaviours and nest
recognition in Procellariiformes. (Cunningham & Nevitt, 2011; Cunningham et al., 2003; Nevitt
et al., 1995; Van Buskirk & Nevitt, 2008). Dietary fat plays an important role in the function of
the uropygial gland (preen gland), the primary role of which is lipogenesis, secreting sebum to
maintain feather pliability and waterproofing with additional roles in pheromone secretion, as

well as antibacterial and antimicrobial functions. (McWilliams, 2008)



1.2.2 The importance of dietary oils

Dietary fatty acids are incorporated into cell membranes as phospholipids forming the
essential structural support for the cell membranes lipid bilayer (Cherian, 2015). The fatty acid
composition of phospholipid membranes in immune cells can affect the magnitude of an
inflammatory response in all mammals (Korver & Klasing, 1997). Very long-chain
polyunsaturated fatty acids (PUFA) improve membrane fluidity and cell communication as the
precursors of eicosanoids (inflammatory mediators) (Harrison & Lightfoot, 2006; Klasing,
1998). During chick growth early exposure to PUFAs, docosahexaenoic acid C22:6n3 (DHA) and
arachidonic acid C20:4n6 (ARAC), is crucial for the optimal functioning of cells,
immunoregulation and the development of brain, retina, skeletal and cardiac tissues (Cherian,
2015; Koppenol et al., 2014). In poultry, adding fish oil to the diet has been shown to have
positive effects on growth and lessoned the growth-suppressing effect of disease exposure by

improving the immune responses. (Korver & Klasing, 1997).

1.2.3 Omega 3 and omega 6 polyunsaturated fatty acids.

The omega-3 and omega-6 PUFA groups are known for their wide array of health benefits due
to their important role as inflammatory mediators and lipid stabilizing qualities (Harrison &
Lightfoot, 2006). The omega groups are named after the position of the first double bond from
the ‘omega’ or terminal end of the fatty acid molecule. The backbone of PUFA is a very long
polyunsaturated carbon chain, with more than 20 carbons (>C20). The omega-3 fatty acids
include DHA, eicosapentaenoic acid C20:5n3 (EPA), and docosapentaenoic acid C22:5 n3 (DPA)
with the precursor 18 carbon chain fatty acid a-linolenic acid C18:3 n-3 (ALIN). The omega-6
fatty acids include arachidonic acid C20:4 n-6 (ARAC) and the precursor molecule linoleic acid

C18:2 n-6 (LIN) (Bradbury, 2011).

1.2.4 Fatty acid synthesis

DHA and EPA are synthesized in abundance by marine algae and found concentrated in fish
and marine oils (Bradbury, 2011). Fish oil and proventricular oil are both naturally rich in very
long-chain PUFA, especially omega-3 fatty acids and omega-6 fatty acids. Plant-based oil, such
as soya oil contains PUFA that have shorter 18 carbon chains, ALIN and LIN, which when
consumed in the diet act as building blocks that are elongated and desaturated into very long-
chain PUFA. Soya oil is very high in LIN and ALIN. Species of birds that eat only marine-based
organisms may have a requirement for already formed very long-chain PUFA (ARAC and DHA)
(Klasing, 1998; Speer, 2015). During evolution, many strictly carnivorous or piscivorous species
have lost the need and ability to elongate and desaturate C18 fatty acids because their wild

diets are already naturally rich in the end products of this transformation, (i.e. very long-chain



PUFA, ARAC, DHA and EPA) (Klasing, 1998). Even in avian species where DHA synthesis is
possible (such as poultry), fish oil supplementation is still recommended because it results in
higher brain DHA concentration (Cherian, 2015) and reduces the competition for enzymes that

synthesize DHA (Koppenol et al., 2014).

The value of the kind of fatty acids that are added to an artificial diet is dependent on how well
the fatty acids are utilized. There is sparse information in the literature about the capability of
Procellariiformes seabirds to synthesize fatty acids from LIN and ALIN, as the end products of

these transformations are already abundantly found in the natural diet (Klasing, 1998).

A common finding in birds generally is that monosaturated fatty acids oleic acid 18:1n9c (OLE)
and palmitoleic C16:1n7 cis-9 are prevalent, due to a large concentration in their diet and their
ability of A%-desaturase (stearoyl-CoA desaturase) to actively synthesize these fatty acids
within the bird (Klasing, 1998). A study by Connan et al. (2005) found OLE palmitoleic acid
C16:1n7 cis-9 and palmitic C16:0 (PAL) predominate in proventricular oil samples from five
different species of Procellariiformes 2. The ability of birds to synthesize fatty acids can vary
relative to the level of dietary fat: some faunivorous species (animal-eating species, such as
common murres) have a relatively low capacity for fatty acid synthesis by the liver compared
to granivores, since their diet is rich in OLE and palmitoleic acid C16:1n7 cis-9 acid, so a high
rate of synthesis is unnecessary (Herzberg & Rogerson, 1990; Klasing, 1998). Therefore, the
inclusion of OLE and palmitoleic acid C16:1n7 cis-9 directly in the diet may be a more energy-
efficient alternative. The requirements for fatty acids also change at different life stages. The
activity of A°-desaturase has been shown to increase upon sexual maturity in Japanese quail
resulting in egg yolks with higher concentrations of OLE and palmitoleic acid C16:1n7 cis-9

(Pageaux et al., 1992).

Birds lack the enzymatic ability to introduce double bonds in fatty acids past the ninth carbon
point (A°). Only plants can introduce double bonds at the A2 and A points in the C18 carbon
chain, making LIN and ALIN, essential fatty acids in the diet of granivorous birds. Chickens are
one of 