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Abstract Fatty acid (FA) signature analysis has been
used to study foraging ecology and food webs in marine
ecosystems. This powerful method provides information
about diets over an extended time period (e.g., 2–4 weeks),
rather than just the most recent meal as with most tradi-
tional approaches. Using consumer FA signatures, along
with a comprehensive database of diet FA signatures, and
accounting for consumer FA metabolism, it is possible to
estimate the proportions of diet items in the consumer’s diet
using quantitative FA signature analysis (QFASA). How-
ever, before applying QFASA to free-ranging populations,
ideally, controlled feeding studies are performed to deter-
mine FA deposition and turnover characteristics. We con-
ducted feeding experiments to validate QFASA in captive
spectacled eiders (Somateria Wscheri) and Steller’s eiders
(Polysticta stelleri) as a minimally invasive method for
studying the diets of these threatened species. We deter-

mined FA deposition in eider adipose tissue relative to
long-term diet, and developed calibration coeYcients (CCs)
to account for eider lipid metabolism. Using these CCs with
subsequent diet trials, QFASA accurately indicated diet and
diet switches. QFASA estimates also indicated that turn-
over of dietary FAs was not complete by 21 or 29 days, and
conWrmed that diets could be estimated over an extended
period of >29 days. Thus, our understanding of diet can be
backtracked to more than a month in captive feeding eiders.
We conclude that applying QFASA techniques to eiders
and other birds in the wild has the potential to provide valu-
able information about their diets at various life history
stages.
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Introduction

The spectacled eider (Somateria Wscheri) and Steller’s
eider (Polysticta stelleri) were listed as threatened under
the provisions of the U.S. Endangered Species Act in the
1990s (Federal Register 1993, 1997). Changes in the
marine environment and available food resources may be
limiting the recovery of both species (U.S. Fish and Wild-
life Service 1996, 2002). Eiders winter and stage in marine
habitats, and their breeding outcome likely depends on
availability of adequate marine resources, but information
about timing and sources of critical nutrient acquisition to
reproduction is lacking for the threatened eider species in
the North PaciWc (Petersen et al. 2000; Fredrickson 2001).
Determining the diet preferences and foraging habitat asso-
ciations of these eiders in relation to seasonal and life his-
tory stages will provide information to help identify and
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characterize critical habitats of these threatened breeding
populations. Given limitations of traditional methods of
diet analysis such as stomach contents analyses, our overall
goal was to validate quantitative fatty acid (FA) signature
analysis (QFASA) to estimate the diets of spectacled and
Steller’s eiders.

Fatty acid signatures have been used to study foraging
ecology and food webs in marine ecosystems in three ways.
First, FA signatures of consumer fat stores alone can be
used to qualitatively infer spatial and temporal patterns in
diets of free ranging animals. This qualitative analysis of
FAs in lipids from adipose tissue, stomach oil, and blood
plasma has been used in several marine bird species (Raclot
et al. 1998; Dahl et al. 2003; Connan et al. 2005, 2007a, b;
Käkelä et al. 2005, 2006, 2007, 2009; Iverson et al. 2007;
Wang et al. 2007, 2009; Williams et al. 2008). Second, the
existence of unique FAs found in a consumer can occasion-
ally be traced to speciWc prey species and thus used for
identiWcation of forage items (Budge et al. 2006, 2007).
Finally, using consumer FA signatures, along with a com-
prehensive database of prey FA signatures, and accounting
for consumer FA metabolism, it is possible to estimate the
proportions of diVerent prey in the diet using QFASA (Iver-
son et al. 2004). QFASA estimates the diet by calculating
the weighted mixture of FA signatures of diet items that
most closely resembles that of the consumer’s adipose tis-
sue after accounting for metabolism eVects, and then uses
the relative fat content of each diet item to translate the sig-
nature mix into a diet estimate. This approach has been val-
idated in several marine mammals (e.g., Iverson et al. 2004,
2006; Nordstrom et al. 2008) and most recently, seabirds in
the Bering Sea (Iverson et al. 2007). Additionally, Käkelä
et al. (2009) showed that several FAs from plasma of her-
ring gulls (Larus argentatus) can quantitatively reXect die-
tary changes. Because FAs provide information over an
extended period of time (e.g., 2–4 weeks) versus the most
recent meal as with most traditional methods of diet sam-
pling (Barrett et al. 2007), it may be possible to get infor-
mation about diets during non-breeding seasons (e.g.,
describe the diet during migration by sampling birds at
arrival to breeding sites). However, in order to do this, con-
trolled feeding studies must be performed to determine the
period of time over which the diet can be back calculated.
This non-lethal technique of FA signature analysis may be
particularly useful in estimating the diets of species of con-
servation concern.

Interpretation of FA data to estimate diet is complicated
by the eVect of rates of biosynthesis, deposition, and
metabolism of speciWc FAs within a consumer. As a result
of consumer lipid metabolism, FA signatures of diet items
will not exactly match that found in the consumer adipose
tissue (i.e., the proportion of some FAs observed in the
consumer may always be higher, or always lower, than that

found in the diet; Iverson et al. 2004). In order to account
for this metabolism, calibration coeYcients (CCs) are cal-
culated for individual FAs by feeding consumers a known
diet until complete turnover of FAs is thought to have
occurred, at which point consumer adipose tissue FA com-
position should be as similar to that of diet as it ever will
be. These CCs (the ratio of a given FA in the consumer rel-
ative to that in the long-term diet) are then used in the
QFASA model to weight individual FAs in subsequent diet
estimation studies (Iverson et al. 2004, 2006, 2007).
Related to the concept of CCs, is selecting appropriate sub-
set(s) of FAs for use in diet estimations, as not all FAs pro-
vide equal information about diet due to consumer
metabolism, FA origin (predominantly dietary versus bio-
synthesis), and levels found in tissue (for instance, trace
levels may not be correctly identiWed) (Iverson et al.
2004). Finally, rates of FA turnover in adipose tissue may
also be aVected by consumer metabolism (e.g., Williams
et al. 2009). Thus, in order to interpret the time frame of
the estimated diet, turnover rates of dietary FAs in con-
sumer adipose tissue should be estimated in a controlled
experimental study. In this study, we developed CCs for
individual FAs to account for eider lipid metabolism. We
used simulation studies using the captive eider diet to eval-
uate the reliability with which diet items could be distin-
guished in the QFASA model. Finally, we tested the
QFASA model, FA subsets, and CCs by estimating the
diets of experimentally fed captive eiders.

Materials and methods

Captive feeding trials

The feeding study took place between 19 September 2007
and 16 January 2008 with eight adult male spectacled and
eight adult male Steller’s eiders housed at the Alaska Sea-
Life Center (ASLC) in Seward, Alaska, USA. Six of eight
spectacled eiders were hatched in June 2002 in captivity
and brought to the ASLC in January 2003. The other two
spectacled eiders arrived from the North Slope, Alaska in
2003 and 2004 as adults. All eight Steller’s eiders were
captured in the wild and brought to the ASLC as adults, six
from Unalaska, Alaska between February and March 2003,
and two in September 2003 from Alaska Peninsula, Alaska.
Since their arrival and before the start of this feeding study,
all birds were on a diet of approximately 95% Mazuri sea
duck formula (Purina Mills, St Louis, MO, USA) and the
remaining 5% from supplements of Antarctic krill (Eup-
hausia superba), Atlantic silverside (Menidia menidia),
Atlantic surf clam (Spisula solidissima), blue mussel (Myti-
lus edulis), and California market squid (Loligo opales-
cens). Birds were segregated by species and housed in
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outdoor pens at ambient conditions and natural saltwater
habitats with females of the same species.

Spectacled and Steller’s eiders in this study consumed
slightly diVerent proportions of diet items oVered for each
experimental diet. Therefore, the experimental diet compo-
sitions “speciWed” here reXected the actual amounts the
birds consumed. Sixty-nine days before the start of the
feeding trials, the diet composition of spectacled eiders
consisted of approximately 88% Mazuri, 3% krill, 4% sil-
verside, 1% clam, and 4% mussel (Diet 1); for Steller’s
eiders the diet consisted of approximately 88% Mazuri, 1%
krill, 3% silverside, 1% clam, and 7% mussel (Diet 1).
Mazuri was given every day while supplements of clam,
krill, mussel, and silverside were fed on a weekly rotating
schedule: Monday = 125 g clam, Tuesday = 200 g krill,
Wednesday = 300 g mussel, Thursday = 300 g silverside,
Friday = 125 g clam, Saturday no supplements, Sunday =
200 g krill etc. Feeding trials started on Day 0, and all
eiders were biopsied (see below), and spectacled eiders
were switched to Diet 2 which consisted of 56% krill and
44% Mazuri, while Steller’s eiders were switched to Diet 2
which consisted of 66% krill and 34% Mazuri for 21 days.
After the Day 21 biopsy, spectacled eiders were switched
to Diet 3 which consisted of 52% silverside and 48%
Mazuri, and Steller’s eiders were switched to Diet 3 which
consisted of 66% silverside and 34% Mazuri for 29 days.
Final biopsies were taken on Day 50. A substantial amount
of Mazuri was necessary in the experimental diets to
maintain the birds on the minimum amount of required
nutrients. Birds were fed in groups by species and, there-
fore, individual intakes were not determined. As a result, it
is likely that individuals consumed diVerent proportions of
certain diet items to some degree. Krill and silverside were
fed in the morning to ensure that these diet items would be
consumed. Krill and silverside were sometimes hand fed
to the birds for training purposes and the remaining
allotment placed in feeding bowls accessible to all birds in
the pen. Mazuri was placed in accessible feeding bowls in
the afternoon. Daily amounts of each diet item fed and
consumed per Xock were recorded. Subsamples of all diet
items were collected twice each week throughout the feed-
ing study, placed in airtight plastic bags, and stored frozen
until analysis.

Biopsy sampling

A live biopsy technique according to Iverson et al. (2007)
with addition of a local anesthetic was used to obtain synsa-
cral adipose tissue samples from captive eiders. The bird
was held cradled breast down; feathers were parted with an
alcohol sponge, which was also used to disinfect the skin.
Feathers were taped back and 0.1 ml lidocaine was injected
subcutaneously. The site was disinfected with a betadine

swab and sprayed with lidocaine spray. A small incision of
approximately 1 cm long and lateral to the midline was
made (on the right side for biopsies 1 and 3, left side for
biopsy 2). Between 0.02 and 0.15 g of adipose tissue was
excised using forceps and a scalpel blade, and placed in
aluminum foil. The site was closed with Vetbond tissue
adhesive (3M, St Paul, MN, USA) and birds were returned
to their pens. After weighing, samples were placed in chlo-
roform containing 0.01% BHT (an antioxidant) in glass
centrifuge tubes with TeXon-lined caps. Lipid extraction
and transesteriWcation was performed the same day the
biopsy was taken.

Laboratory analysis

Lipids were quantitatively extracted from eider adipose
tissue samples and homogenates of diet items according to
Folch et al. (1957), as modiWed by (Iverson et al. 2001),
using 2:1 chloroform/methanol at 20–30 parts solvent to
tissue. Diet items included whole individual mussel (with-
out shell, n = 15), whole individual silverside (n = 39),
krill (n = 39), clam (n = 15), and Mazuri (n = 23). Individ-
ual krill and Mazuri pellets were pooled into samples so
that the combined sample weight was approximately
1.5 g; between two and six individual krill were pooled
per sample, and between 14 and 17 individual Mazuri pel-
lets were pooled per sample. Clams were already shelled
and pre-cut into 2.0–4.0 g pieces and shipped to ASLC in
frozen blocks. Each pre-cut piece was analyzed as an indi-
vidual sample. Fatty acid methyl esters (FAME) were pre-
pared using an acidic transesteriWcation (Budge et al.
2006). The presence of fatty alcohols resulting from the
transesteriWcation of wax esters in diet items was deter-
mined using thin layer chromatography. In order to
account for wax esters in diets, the alcohols of which are
deposited as their corresponding FA in the adipose tissue
(Budge and Iverson 2003), wax ester alcohols were con-
verted to their respective FAs according to Budge et al.
(2006). FAMEs were quantiWed using temperature-pro-
grammed gas liquid chromatography on a Perkin Elmer
Autosystem II Capillary FID gas chromatograph Wtted
with a 30 m £ 0.25 mm id column coated with 50% cyan-
opropyl-methylpolysiloxane (DB-23) and linked to a com-
puterized integration system (Varian Galaxie software)
according to Iverson et al. (2002). Each chromatogram
was manually assessed for correct peak identiWcation and
reintegrated, where necessary.

Qualitative analysis of diet items and eider FA

Multivariate analyses were conducted using discriminant
function analysis (DFA) followed by classiWcation using a
jack-kniWng procedure (leave-one-out cross-validation) to
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assess how well FAs separate (1) diet items, (2) eider biop-
sies by species, diet, and biopsy date, and (3) diet items and
eider biopsies. Given restrictions on the number of vari-
ables that can be used in DFA (n-1 of smallest sample size),
we selected 14 diet item FAs which had the highest vari-
ance and overall means of the 72 total FAs identiWed (14:0,
16:0, 16:1n-7, 18:0, 18:1n-9, 18:1n-7, 18:2n-6, 18:3n-3,
18:4n-3, 20:1n-9, 20:1n-7, 20:5n-3, 22:5n-3, 22:6n-3), and
7 eider adipose tissue FAs with the highest observed vari-
ance across eider groupings (14:0, 16:0, 16:1n-7, 18:0,
18:1n-9, 18:2n-6, 22:6n-3), and 7 FAs with the highest
observed variance and means across all diet items and eider
samples (14:0, 16:0, 16:1n-7, 18:1n-9, 18:2n-6, 20:5n-3,
22:6n-3). The subsets of FAs used in these analyses are also
known to be derived dominantly or solely from dietary
intake (Iverson et al. 2004). Proportional representation of
each FA was recalculated for this subset and arcsine
square-root transformed prior to analysis. We used qua-
dratic DFA because the within-group covariance matrices
in our dataset were not homogenous (Bartlett’s test,
P < 0.001), which may result in poorer separation between
groups, although there is little evidence that moderate
violation signiWcantly alters cross-validated classiWcation
success (McGarigal et al. 2000).

CC and FA subset selection

We calculated eider CCs by dividing levels of individual
FA in eiders from biopsy 1 (Day 0) by levels of those same
FA in Diet 1, which was fed to the eiders for 69 days before
this Wrst biopsy (sensu Iverson et al. 2004). The eiders had
been on a similar diet for over 3 years (consisting of almost
entirely Mazuri, but with additional supplements that we
incorporated into our calculations). Thus, we assumed the
eiders’ FA signatures would resemble this diet as much as it
ever would, and used this as a basis for calculating their
CCs.

Twenty-Wve new FA subsets were developed based on
two published subsets that include FAs that could arise
from dietary origin alone (Dietary, 33 FAs) or include the
Dietary subset along with 8 FAs whose levels in a con-
sumer are also inXuenced by diet (Extended Dietary, 41
FAs) (Iverson et al. 2004). FAs were omitted from the pub-
lished subsets in order of highest variability observed in
CCs (e.g., Nordstrom et al. 2008). Twenty-seven subsets of
the 72 FAs identiWed were tested in our model optimization
exercise (see Appendix). Relative proportions of individual
FA in each new subset were normalized to a sum of 100%.
Subsets were used in the QFASA model and performance
was evaluated using all biopsies and all diets from all
eiders. The FA subset that provided the lowest overall sum
of the squared errors (SSE) of diet was determined to be the
optimal subset for our QFASA model, where SSE = (actual

proportion of diet item¡model estimate of diet item)2

summed across all diet items for Diet 1, 2, and 3.

QFASA model

To evaluate the reliability with which diet items could be
distinguished in the model, we Wrst performed a number of
simulations using the captive eider diet database. These
simulations were performed without CCs to assess the abil-
ity to estimate diet composition based only on diVerentiat-
ing and quantifying diet items by their FA signatures (sensu
Iverson et al. 2004). We constructed Wve pseudo diets:
Diets 1–3 were based on the actual Diets 1–3 that the eiders
consumed. Diet 4 represented a marine diet without the
commercially processed Mazuri. Diet 5 represented a diet
comprised of only bivalves, which are the primary diet item
for spectacled eiders wintering in the Bering Sea (Lovvorn
et al. 2003). Simulations were used to evaluate how the
accuracy of our estimates was aVected by diets and FA sub-
sets. Simulations were performed 1,000 times for each con-
structed diet. Prey-on-prey simulations were also
performed to determine how well each individual diet item
could be diVerentiated as itself from all other diet items in
the diet library. These were done by taking each diet item in
the library and dividing the samples into two sets: a model-
ing set and a simulation set. The selected diet item was
modeled with the modeling set and all other diet items in
the prey library. The simulation was performed 1,000 times
for each diet item. Details of the simulation procedures are
provided in Appendix B, Iverson et al. (2004). The diets of
captive eiders were estimated using the QFASA model
developed by Iverson et al. (2004). Calculated CCs were
also used in the model to account for eider lipid metabo-
lism.

Results

Qualitative separation of diet items and eider biopsies

The FA signatures of the Wve diet items fed to captive
eiders diVered markedly (Fig. 1a). For example, compared
to the other diet items Mazuri was extremely high in 18:2n-
6, which is relatively rare in marine systems and probably
reXected corn in the commercially made sea duck pellets.
Mazuri was also lower in 20:5n-3 and 22:6n-3, which are
relatively abundant in marine systems. Levels of 14:0, 16:0,
and 18:1n-7 were higher in krill than other prey items. The
two bivalves, clams and mussels, were much lower in
18:1n-9 and higher in 20:1n-7 than other diet items. Silver-
sides had the highest levels of 22:5n-3 and 22:6n-3. These
diVerences in levels of prey FAs were reXected in the eider
biopsy signatures at Day 0, 21, and 50 (Fig. 1b, c).
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Although Mazuri remained a large proportion of the diet
throughout the experiment, the inXuence of krill and then
silverside FAs was evident at Days 21 and 50. For example,
levels of Mazuri were relatively higher in 18:0, 18:1n-9,
and 18:2n-6, all of which dropped after the introduction of
krill and silverside. Likewise, the levels of krill were
relatively higher in 20:5n-3 and 22:6n-3; and levels of
silverside were relatively higher in 20:5n-3, 22:5n-3, and
22:6n-3, all of which increased in biopsies at Days 21 and
50 after the introduction of krill and silverside, respec-
tively. Finally, silverside was relatively higher in 16:1n-7,
22:5n-3, 22:6n-3 and lower in 14:0, 16:0, 18:1n-7, 18:4n-3,
and 20:5n-3 than krill and these changes in FA levels
were reXected in the Day 50 biopsies after the birds had
been switched to increased amounts of silverside. Thus,
changes in dietary FAs were tracked in eider adipose tissue
(Fig. 1).

Diet items were clearly diVerentiated using DFA. The 14
FAs selected for the DFA of diet items accounted for
84.4% of the total FAs identiWed in all diet items. Discrimi-

nant function (DF) 1 and DF 2 accounted for 90.8% of the
variation (Fig. 2a). Diet samples were correctly classiWed to
species with 100% of original grouped cases and 80% of
cross-validated grouped cases (mussels were misclassiWed
as silversides using the jack-knife procedure).

Eider adipose tissue samples were also clearly diVerenti-
ated using DFA. The seven FAs selected for the eider DFA
accounted for 86.2% of the total FA identiWed in all eider
biopsies. DFs 1 and 2 accounted for 93.2% of the total vari-
ance (Fig. 2b). Eider biopsies were correctly classiWed to
biopsy day but also to species with 97.9% of both original
and cross-validated grouped cases. Thus, both species
behaved in a similar manner in response to diet shifts, but
additionally, the slight diVerences in the diet composition
between the species were detected (Fig. 2b). One specta-
cled eider was observed to not consume much krill during
Days 0–20 and consistent with this, his Day 21 biopsy was
more similar to his Day 0 biopsy (Fig. 2b).

A DFA of diet items and eider biopsies combined using
the seven FAs selected across all diet items and eider

Fig. 1 Selected fatty acids 
(FAs, 14 out of 72 identiWed) 
with the largest overall variances 
and mean proportions of total 
FAs and that illustrate character-
istic diVerences in patterns: 
a among the Wve diet items fed to 
captive eiders, b in adipose tis-
sue of spectacled eiders at Day 0, 
21, and 50, and c in adipose tis-
sue of Steller’s eiders at Day 0, 
21, and 50. Mean + 1 SE

a

b

c
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samples conWrmed that eider biopsy FA signatures were
most similar to Mazuri FA signatures, which was consistent
with Mazuri being the major diet item throughout the exper-

iment (Fig. 2c). However, after 21 days of increased krill in
their diet, the Day 21 biopsy signatures had shifted towards
the krill signatures. Similarly, after 29 days of increased sil-
verside in their diet, the eider Day 50 biopsy signatures had
shifted towards the silverside signatures (Fig. 2c). DFs 1 and
2 accounted for 88.9% of the variation (Fig. 2c). Diet items
and eider biopsies were correctly classiWed to their own
groups with 100% of original grouped cases and 45.5%
cross-validated grouped cases (jack-knife procedure).

Calibration coeYcients and FA subset selection

The CC values estimated from the eiders after 69 days on
the same diet (Day 0) ranged from 0.03 for 22:2d7,13 and
22:2d7,15 to 4.26 for 21:5n-3 (Fig. 3). CC values of 1.0
indicate a 1:1 ratio of FA deposition from diet (Fig. 3). CCs
were generally similar between the two eiders, except for
three CCs (those for 16:1n-9, iso 17:0, 21:5n-3) that
diVered substantially. However, 16:1n-9 and iso 17:0 are
not included in either the Dietary or Extended Dietary FA
sets, and 21:5n-3 is not included in any of the modiWed FA
subsets used in the diet modeling. CCs calculated for eiders
diVered from those calculated for common murre (Uria
aalge) chicks. The CCs which exhibited the greatest devi-
ance between eider and murres included the same three FAs
mentioned above and most of the typical marine “dietary”
FAs, that is, the long-chain mono- (20:1 and 22:1 isomers)
and polyunsaturated FAs, except 20:5n-3 and 22:6n-3
(Fig. 3).

The performance of FA subsets in the QFASA model
was dependent on eider species and diet (Table 1). Of the
25 other FA subsets modiWed from the published Dietary
and Extended Dietary FA subsets, Test 18 (Reduced A) and
Test 21 (Reduced B) FA subset had the lowest total SSE
across all diets and were determined to be the best FA sub-
sets for modeling diets for spectacled and Steller’s eiders,
respectively (Table 1). The Dietary and Extended Dietary
FA subsets from Iverson et al. (2004) were also used in the
simulations and modeling for comparison.

QFASA model

The Wve speciWed pseudo diets were well estimated using
QFASA simulations (Table 2). The Reduced A, B, Die-
tary, and Extended Dietary FA subsets produced similar
results, however the Extended Dietary subset estimated
proportions of individual species within each diet gener-
ally closer to the true values (Table 2). Furthermore, the
prey-on-prey simulations showed that the diet items in the
captive eider diet database were correctly identiWed as
themselves 93–100% out of 1,000 simulations (Fig. 4).
Mussels had the lowest identiWcation rate with the widest
distribution, while clams and Mazuri had the highest

Fig. 2 Discriminant function analysis plots for: a diet items based on 14
fatty acids (FAs) (14:0, 16:0, 16:1n-7, 18:0, 18:1n-9, 18:1n-7, 18:2n-6,
18:3n-3, 18:4n-3, 20:1n-9, 20:1n-7, 20:5n-3, 22:5n-3, 22:6n-3). Dis-
criminant functions 1 and 2 accounted for 78.2 and 12.6% of the total
variance, respectively; b eider biopsies based on seven FAs (14:0, 16:0,
16:1n-7, 18:0, 18:1n-9, 18:2n-6, 22:6n-3). Discriminant functions 1 and
2 accounted for 67.3 and 25.9% of the total variance, respectively; c diet
items and eider biopsies based on seven FAs (14:0, 16:0, 16:1n-7,
18:1n-9, 18:2n-6, 20:5n-3, 22:6n-3). Discriminant functions 1 and 2
accounted for 74.4 and 14.5% of the total variance, respectively

a

b

c
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Fig. 3 Spectacled and Steller’s eider calibration coeYcients (CCs)
calculated from birds fed on a constant diet for 69 days (mean § 1
SE). Average common murre CCs determined from a previous study
(Iverson et al. 2007) are presented for comparison. Asterisk in front of

fatty acids (FAs) denotes FAs used in simulations and modeling. The
line at 1 represents a 1:1 incorporation of FA from the diet into the
eider adipose tissue

Table 1 Sum of the squared errors (SSE) for 7 of 27 fatty acid (FA) subsets for Diets 1, 2 and 3 for spectacled and Steller’s eiders

SSE (actual proportion of diet item¡model estimate of diet item)2 summed across all diet items. SSE for Diets 1, 2 and 3 separately. Total = sum
of SSE of Diets 1, 2 and 3. Dietary and Extended Dietary FA subsets are from Iverson et al. (2004). Values in bold italicized print indicate the
lowest SSE. Test 18 (Reduced A) and test 21 (Reduced B) FA subsets had the lowest overall SSE for spectacled and Steller’s eiders, respectively,
and were determined to be the subsets that give the best overall model estimates of diet. See Appendix for FAs included in each subset

FA subset Diet 1 Diet 2 Diet 3 Total

spectacled Steller’s spectacled Steller’s spectacled Steller’s spectacled Steller’s

Extended Dietary 0.00008 0.00003 0.29729 0.44574 0.16514 0.22901 0.46251 0.67478

Test 13 0.00018 0.00001 0.31072 0.48584 0.17783 0.24764 0.48873 0.73350

Dietary 0.00055 0.00027 0.16345 0.15921 0.17475 0.15286 0.33875 0.31234

Test 17 0.00054 0.00039 0.16258 0.15927 0.17276 0.15154 0.33588 0.31121

Test 18 (Reduced A) 0.00070 0.00040 0.15881 0.13921 0.17627 0.15590 0.33578 0.29550

Test 21 (Reduced B) 0.00080 0.00053 0.15889 0.13954 0.17739 0.15539 0.33709 0.29546

Test 23 0.00098 0.00052 0.15878 0.13949 0.17940 0.15574 0.33916 0.29575
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identiWcation rate (Fig. 4). Although mussels were mis-
classiWed as other diet items (<7% as clam, krill, and
Mazuri), in general the diet items in this study were reli-
ably distinguished from one another.

We used the Reduced A, B, Dietary, and Extended Die-
tary FA subsets in the model along with species-speciWc
CCs calculated for spectacled and Steller’s eiders. For com-
parison, we also modeled eider diets using the Extended
Dietary subset and the common murre chick CCs from
Iverson et al. (2007). Our results showed that the QFASA
model estimated the relative proportion of diet items in Diet
1 at Day 0 for both eider species generally very well no
matter which subset and CCs were used, although exact
levels varied among subsets and CCs (Fig. 5). From Day 0
to 20, spectacled eiders consumed a diet of 56% krill and
44% Mazuri, and Steller’s eiders consumed a diet of 66%
krill and 34% Mazuri. The model correctly predicted a sub-
stantial proportion of krill coming into the diet by Day 21
(Fig. 5), with the predicted dietary percentages of krill aver-
aging 24% in spectacled eiders and about 33% in Steller’s

eiders. From Day 21 to 49, spectacled eiders consumed a
diet of 52% silverside and 48% Mazuri, and Steller’s eiders
consumed a diet of 66% silverside and 34% Mazuri. Again,
the model accurately predicted a substantial proportion of
silverside coming into the diet at Day 50, with some resid-
ual krill remaining from Diet 2. The percentage of silver-
side predicted in diet averaged 21% in spectacled eiders
and 36% in Steller’s eiders. Commensurate with the
increases in krill or silverside at both Day 21 and 50, the
model correctly estimated a predictable decrease in Mazuri
in the Diets 2 and 3. Compared to the actual diets fed, the
lower levels of krill predicted in Diet 2 and the lower levels
of silverside along with residual krill in Diet 3, suggests
that complete turnover of FA from a switch in diet (Diet 2
and Diet 3) was not complete at either 21 or 29 days.

The Extended Dietary FA subset and eider CCs overesti-
mated the proportion of mussel in Diet 2 (Day 21) and Diet
3 (Day 50) (Fig. 5). Birds were not fed mussel in Diets 2 or
3 and the amount of mussel fed in Diet 1 was relatively
lower than the other prey items (4% in spectacled, 7% in

Table 2 Mean estimates of diet simulations for each of the Wve pseudo diets using the Reduced A, B, Dietary and Extended Dietary fatty acid
(FA) subsets. Simulations were performed 1,000 times for each pseudo diet

Diet Species SpeciWed diet Reduced A Reduced B Dietary FA Extended Dietary FA

Estimate 1 SD Estimate 1 SD Estimate 1 SD Estimate 1 SD

1 Mazuri 0.80 0.82 0.012 0.81 0.013 0.82 0.004 0.80 0.005

krill 0.05 0.03 0.020 0.04 0.021 0.03 0.014 0.05 0.003

silverside 0.05 0.05 0.002 0.06 0.002 0.04 0.006 0.05 0.004

clam 0.05 0.05 0.027 0.05 0.027 0.06 0.008 0.05 0.005

mussel 0.05 0.04 0.006 0.04 0.006 0.06 0.016 0.05 0.005

2 Mazuri 0.70 0.78 0.011 0.77 0.012 0.79 0.004 0.70 0.003

krill 0.30 0.20 0.017 0.21 0.018 0.21 0.005 0.30 0.004

silverside 0.00 0.00 0.001 0.00 0.001 0.00 0.003 0.00 0.002

clam 0.00 0.02 0.021 0.02 0.021 0.00 0.001 0.00 0.001

mussel 0.00 0.00 0.005 0.00 0.005 0.00 0.002 0.00 0.002

3 Mazuri 0.70 0.68 0.005 0.67 0.006 0.75 0.006 0.70 0.006

krill 0.00 0.00 0.001 0.00 0.002 0.00 0.004 0.00 0.003

silverside 0.30 0.31 0.002 0.33 0.002 0.24 0.008 0.29 0.007

clam 0.00 0.00 0.004 0.00 0.004 0.00 0.003 0.00 0.003

mussel 0.00 0.00 0.002 0.00 0.002 0.00 0.002 0.00 0.003

4 Mazuri 0.00 0.01 0.010 0.01 0.014 0.00 0.003 0.00 0.003

krill 0.25 0.20 0.033 0.20 0.032 0.18 0.021 0.25 0.011

silverside 0.25 0.30 0.007 0.30 0.008 0.21 0.016 0.25 0.013

clam 0.25 0.29 0.030 0.28 0.034 0.31 0.018 0.25 0.018

mussel 0.25 0.21 0.019 0.20 0.020 0.29 0.027 0.25 0.021

5 Mazuri 0.00 0.01 0.016 0.02 0.022 0.00 0.005 0.00 0.006

krill 0.00 0.04 0.039 0.05 0.040 0.01 0.017 0.00 0.004

silverside 0.00 0.00 0.005 0.00 0.005 0.00 0.006 0.00 0.005

clam 0.50 0.54 0.035 0.53 0.039 0.50 0.024 0.50 0.027

mussel 0.50 0.40 0.025 0.39 0.027 0.48 0.032 0.49 0.027
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Steller’s eiders). However, the amount of mussel predicted
using the Extended Dietary FA subset and eider CCs, espe-
cially in Diet 3 (Day 50) was much greater than the amount
that was consumed by either eider species (Fig. 5). Addi-
tionally, the Extended Dietary FA subset and common
murre chick CCs overestimated the amount of silverside in
Diet 2 (Day 21) (Fig. 5).

Discussion

The results from this captive feeding study demonstrated
that for both species of eiders, changes in diet were clearly
discriminated using adipose tissue FAs. Captive eider diet
items were reliably diVerentiated from each other using
both multivariate DFA and more rigorous QFASA simula-
tions. Our results also demonstrated that the response of
adipose tissue FAs in both species of eiders to dietary
intake was highly predictable. Relative dietary percentages
of these Wve diet items were accurately quantiWed by
QFASA when those percentages had been constant for 10
weeks. Three weeks after a shift between diets with very
distinct FA proWles, the shift was clearly reXected in tissue
FA but the estimated dietary percentages were lower from
the true percentages in diet, reXecting an integration of pre-
vious diet in the estimations and conWrming that turnover
was not complete within the 21–29 day study periods. Most
dietary subsets used in QFASA yielded very similar esti-
mates of dietary percentages, although one subset apprecia-
bly underestimated the percentages of Mazuri and krill and
overestimated the percentage for mussels. Comparison of
results for a suite of dietary subsets should identify such
problems. CCs for the two eider species fed a diet of 88%
Mazuri with supplements of krill, silversides, and bivalves
were generally very similar and yielded similar results in
QFASA estimates. The few instances where CCs diVered
substantially between the two species (16:1n-9, iso 17:0,
21:5n-3), were cases where the FAs were present in only
trace amounts in diet items and eider adipose tissue and
thus CCs were variably estimated. CCs for common murre
chicks fed entirely Atlantic silversides appeared to diVer
from those of the eiders, however, when the murre CCs

Fig. 4 Results for prey-on-prey simulation using the Reduced A, B,
Dietary, and Extended Dietary fatty acid (FA) subsets which shows the
ability of the QFASA procedure to identify the FA proWle for a given
diet item from the FA proWles of the other diet items in the diet library.
Dietary and Extended Dietary subsets from Iverson et al. (2004). Esti-
mates are represented in box plots, as the median (middle horizontal
bar), the 25% percentile (lower bar), and the 75th percentile (top bar)
of the data distribution (i.e., the box contains 50% of the data). Dots
represent outliers deWned as being any value greater (or less) than 1.5
times the interquartile range (75th percentile–25th percentile) above
the 75th (or below the 25th) percentile. Results are presented as the
proportion of prey item correctly identiWed as itself from all other prey
items in 1,000 trials. For Reduced A FA subset: 100% of Mazuri, 99%
of krill, 98% of silversides, 100% of clams, and 94% of mussels were
correctly identiWed as themselves. For Reduced B FA subset: 100% of
Mazuri, 98% of krill, 98% of silversides, 99% of clams, and 93% of
mussels were correctly identiWed as themselves. For Dietary FA sub-
set: 100% of Mazuri, 99% of krill, 98% of silversides, 100% of clams,
and 96% of mussels were correctly identiWed as themselves. For
Extended Dietary FA subset: 100% of Mazuri, 99% of krill, 98% of
silversides, 100% of clams, and 97% of mussels were correctly identi-
Wed as themselves

�
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were applied to eiders, dietary estimates remained similar
except for slower loss of silverside at Day 21 and more
rapid incorporation of FAs from silversides at Day 50.

Diet items were correctly classiWed with 80–100% accu-
racy in the DFA using only 14 out of the 72 FAs identiWed.
The DFA demonstrated that multivariate techniques are an
important precursor to using the QFASA model in deter-
mining which potential diet items have overlapping FA sig-
natures. In the QFASA simulations, FA proWles of mussels
and silversides also had the lowest rate of discrimination
from other diet items in the prey library, but were still well
identiWed at a rate of 93–98%. The eider biopsies were cor-
rectly classiWed with 97.9% accuracy using only 7 out of
the 72 FAs identiWed in the DFA and showed that there
were changes in FA signatures among biopsies and there-
fore that they reXected changes in diet, which was con-
Wrmed in the QFASA model.

Model estimates were signiWcantly inXuenced by the FA
subset and CC set. The Reduced A and B FA subsets were
modiWed from the published Dietary FA subset (Iverson
et al. 2004) and provided the best overall diet estimates for
spectacled and Steller’s eiders, respectively. The Extended
Dietary subset and subsets modiWed from it provided
poorer diet estimates. FAs were omitted from the published
subsets in order of highest variability observed in eider CCs
(sensu Nordstrom et al. 2008), which tended to provide bet-
ter diet estimates. In contrast, Iverson et al. (2007) removed
FAs with large CCs, which produced poorer estimates in
the model. However, diets, CCs, and bird species diVered
between studies and likely inXuenced model results. The
Extended Dietary subset includes all FAs in the Dietary
subset and eight FAs that could be biosynthesized by con-
sumers, but whose levels in a consumer are also inXuenced
by consumption of speciWc diet items. This may have

Fig. 5 Quantitative fatty acid 
signature analysis estimates 
using the Reduced A, B, Dietary, 
Extended Dietary fatty acid (FA) 
subsets for Diets 1, 2, and 3 at 
Days 0, 21, and 50 for spectacled 
and Steller’s eiders. Species-
speciWc calibration coeYcients 
(CCs) were used in the model. 
Common murre (COMU) chick 
CCs were also used with the 
Extended Dietary FA subset for 
comparison. Dietary and 
Extended Dietary FA subsets 
from Iverson et al. (2004) and 
COMU chick CCs from Iverson 
et al. (2007). Actual diets con-
sumed for spectacled eiders Diet 
1 (Day 0): 88% Mazuri, 3% krill, 
4% silverside, 1% clam, 4% 
mussel; Diet 2 (Day 21): 44% 
Mazuri, 56% krill; Diet 3 (Day 
50): 48% Mazuri, 52% silver-
side. Actual diets consumed for 
Steller’s eiders Diet 1: 88% 
Mazuri, 1% krill, 3% silverside 
1% clam, 7% mussel; Diet 2: 
34% Mazuri, 66% krill; Diet 3: 
34% Mazuri, 66% silverside. 
Mean + 1 SE
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inXuenced the diet estimates because eiders were on a diet
heavily inXuenced by carbohydrates from the corn-based
Mazuri (approximately 50% carbohydrate), which could
have led to more biosynthesis of these FAs than with
the experimental diets contributing less carbohydrate.
Although 27 subsets were evaluated, the possibility remains
for diVerent combinations of FA to provide more accurate
diet estimates, and we stress that the method for selecting
FA subsets for use in the QFASA model requires further
development.

The CCs estimated for spectacled and Steller’s eiders
were relatively similar to each other but diVered from those
estimated for the common murre chicks CCs from Iverson
et al. (2007). The explanation for the FAs that exhibited the
greatest diVerences between eider and murre CCs (16:1n-9,
iso 17:0, 21:5n-3, also mentioned above, and most of the
typical marine long-chain (¸20 C) “dietary” FAs; Fig. 3)
may at least in part be attributed to the diets fed. The eiders
in this study had been fed a long-term diet of primarily
Mazuri, a high carbohydrate corn-based feed. Although
listed as a “sea duck formula”, Mazuri contained generally
only trace levels of typical marine long-chain mono- and
polyunsaturated FAs (except 20:5n-3 and 22:6n-3), and
hence so also did eider adipose tissue, leading to variable
estimation of CCs for these FAs in eiders and diVerences
from murre CCs estimated from a Wsh (silverside) diet.
Thus, in addition to possibly greater contribution in eiders
from FA biosynthesis on a low-fat high-carbohydrate diet,
estimation of CCs for these FAs may have been diVerent
had eiders been fed a more marine diet. The single excep-
tion was for 20:5n-3 and 22:6n-3, both of which were pres-
ent at relatively abundant levels in both Mazuri and
silverside, and hence in eider and murre adipose tissue,
resulting in relatively similar estimated CCs for these FAs
among the three species (Fig. 3). Additionally, diVerences
in CCs could also be inXuenced by diVerences in age clas-
ses (adults versus chicks). That is, growing chicks may
diVerentially use or mobilize essential and other FAs for
tissue growth. To our knowledge, this is the Wrst study to
calculate CCs for adult birds from adipose tissue. It should
be remembered that the only means we currently have for
accounting for predator metabolism is the use of CCs (Iver-
son et al. 2004), which although have been shown to result
in accurate diet estimation using QFASA, remain a fairly
basic mathematical attempt to describe somewhat complex
biochemistry. Interestingly, despite the apparent diVerences
in CCs, the QFASA model provided similar diet estimates
when using the Reduced A, B, and Dietary subsets and
eider CCs as estimates using the Extended Dietary subset
and common murre CCs.

We have demonstrated that QFASA can be a powerful
technique for estimating diets of captive eiders, potentially
providing a minimally invasive method for obtaining

information about their diets in the wild. The issues and
requirements for using QFASA and assembling a prey
library have previously been reviewed (Iverson et al. 2004,
2007; Budge et al. 2006; Iverson 2009). In regards to
marine birds, there remain several areas for further investi-
gation. The development of species-speciWc or diet-spe-
ciWc CCs is a necessary component of QFASA. We are
aware of only two other studies that have calculated CCs
for marine birds from adipose tissue: common murre
chicks (Iverson et al. 2007) and tufted puYn (Fratercula
cirrhata) chicks (Williams et al. 2009). The common
murre chicks were fed a diet composed entirely of Atlantic
silversides for 45 days. The tufted puYn chicks were fed
PaciWc herring (Clupea pallasi) in two groups for 27 days:
high calorie (120 g herring/day) and low calorie (restricted
to 60 g herring/day) and the CCs of low and high-calorie
diets were highly correlated (Williams et al. 2009). In our
captive study, although the diet was only strictly regulated
for 69 days prior to the biopsy for CCs, the eiders had been
on a similar diet for over 3 years (consisting of almost
entirely Mazuri, but with additional supplements that we
incorporated into our calculations). Thus, we assumed the
eiders’ FA signatures would look as much like the diet as
it ever would, and used this as a basis for weighting FAs.
Because of the length of time of the long-term diet, we are
conWdent we have good estimates for CCs for the eiders
used in the experiment. However, given the diVerences
between the eider and common murre chick CCs, and
some diVerences in model estimates using diVerent CCs
and FA subsets, the inXuence of FA composition and die-
tary fat content, as well as growing juveniles versus adults,
on estimation of CCs in both birds and mammals requires
further investigation.

Quantitative fatty acid signature analysis estimates for
Diet 2 and Diet 3 conWrmed that complete FA turnover of
the new introduced diets was not complete by 21 or 29
days. Model estimates for Diet 1 were accurately quantiWed
by QFASA, which suggests that turnover is almost, if not
complete by 69 days. Nordstrom et al. (2008) suggested
that in captive harbor seals (Phoca vitulina) turnover of FA
may be dependent on quantity of prey consumed, diet
composition, and growth pattern, and may not be a strictly
linear process. However, Williams et al. (2009) found that
the rates of FA turnover of tufted puYn chicks were not
diVerent between high (120 g herring/day) and low-calorie
(60 g herring/day) diets, and turnover was close to, but not
entirely complete, after 27 days on both high and low-
calorie diets.

Turnover rates give insight to the time period of dietary
history and are necessary for interpretation of the integra-
tion period of FA data. There may be a large range for
complete rate of turnover depending on intake and metabo-
lism rates. This makes interpretation of FA data from wild
123



136 J Comp Physiol B (2010) 180:125–139
individuals complicated and results from our captive study
to estimated diets of wild eiders should be applied with
caution. For example, from our study we estimate that
complete turnover of dietary FAs occurred between 29 (»4
weeks) and 69 days (»10 weeks) in a captive eider feeding
on Mazuri, krill, silverside, clam, and mussel. If eiders
consumed only krill on their wintering grounds for 3
months, and then migrated to their staging areas and fed on
silversides for 4 weeks, and turnover was complete at 4
weeks, their biopsies at the end of those 4 weeks would
accurately estimate a diet of silversides for the past 4
weeks but would likely not estimate any krill in the diet
from their wintering grounds. If turnover was complete at
10 weeks, their biopsies at the end of those 4 weeks would
estimate a mixed a diet of krill and silverside. However, if
there is no prior knowledge of what the birds were eating at
the diVerent habitats, whether the krill and/or silverside
were consumed on the wintering grounds and staging areas
cannot be determined. Additionally, Day 0 eider biopsies
indicate that if the diet had been constant for 10 weeks, the
estimated relative proportion of diet items using QFASA
are very accurate. However, without knowing that the diet
had been constant for 10 weeks, a dietary percentage of
20% could mean that (1) the diet item was truly 20% of a
constant diet, (2) the proportion of that diet item was much
greater (perhaps 50%) up until 3–4 weeks prior to biopsy
sampling and had not been consumed at all after that, or (3)
the proportion of that diet item increased over the last 3–4
weeks but was not consumed before then. Thus, the exact
quantitative proportions in diet do indeed represent an
unknown integrated period and may be less meaningful
than detecting shifts in diet. That is, sampling birds at
arrival on breeding grounds over time can detect shifts in
diets at staging areas and possibly wintering areas over
time, which would provide meaningful information about
changes in relative abundance of prey at these areas over
time. Complete turnover rates of dietary FAs have not been
calculated in marine birds and the eVect of types of diet
(e.g., benthic versus pelagic), and diVerent metabolic rates
(e.g., diVerent seabirds species, captive versus wild birds)
on FA metabolism and rates of turnover requires further
investigation.

Ideally, captive studies should mimic the natural envi-
ronment as much as possible. Experimental diets in this
study did not mimic the true natural diets of eiders; none-
theless, the experimental diets demonstrated that tracking
diet changes in eiders using FAs is possible. Spectacled
and Steller’s eiders are benthic-feeding birds and do not
consume Atlantic krill, silversides, or Mazuri in the wild.
Spectacled eiders wintering in the Bering Sea forage on a
variety of food items, including clams, mussels, amphi-

pods, and polychaetes (Petersen et al. 1998; Lovvorn et al.
2003). Steller’s eiders have been reported to consume a
diverse diet of invertebrates, suggesting they are non-
selective foragers (Petersen 1980; Petersen 1981; Bustnes
and Systad 2001). During the nesting season, eiders feed
on insects, insect larvae, seeds, and plant materials in
tundra ponds resulting in a diet higher in carbohydrates
(Petersen et al. 2000; Fredrickson 2001). In our experi-
ment, the simulated pseudo diet 5 consisted of 50% clam
and 50% mussel and was well estimated using the model
and FA subsets indicating that two species of bivalves can
be distinguished from each other. However, the simulated
pseudo diets and actual diets were comprised of only Wve
diet items. Thus, further work is needed to examine the FA
proWles of clams, amphipod, polychaetes, and other diet
items of wild eiders.

We conclude that applying minimally invasive QFASA
techniques to determine the diets of spectacled and Steller’s
eiders during diVerent life history stages will provide more
useful information about their diets than other approaches
and help identify critical habitats to support conservation of
these threatened breeding populations. Nevertheless, we
advise researchers to apply our QFASA results with some
caution in that the captive eider CCs, turnover rates, and FA
subsets may require further consideration in application to
wild birds. We stress that further work is required to calcu-
late complete turnover rates of FAs from a natural diet,
investigate the sensitivity of CCs and FA subsets to diets,
and of the QFASA model to the CCs and FA subsets used.
However, despite this sensitivity our study showed that
QFASA accurately estimated Diet 1 and accurately indi-
cated diet switches in captive eiders, and that diets can be
estimated over an extended time period. Thus, our under-
standing of diet can be back-tracked to more than a month
in a captive feeding eider. Regardless of model limitations,
this study provides an important basis for further validation
studies and interpretation of adipose tissue FA data from
wild populations.
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Appendix

See Appendix Table 3.

Table 3 Fatty acid (FA) subsets tested

FA Extended Dietary Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 Test 10 Test 11 Test 12 Test 13

14:0 X X X X X X X X X X X X X X

16:0 X X X X X X X X X X X X X X

16:1n-7 X X X X X X X X X X X X X X

16:2n-6 X X X X X X X X X X X X X X

16:2n-4 X X X X X X X X X X X X X X

16:3n-6 X X X X X X X X X X X X X X

17:0 X X X X X X X X X X X X X X

16:3n-4 X X X X X X X X X X X X X X

16:3n-1 X X X X X X X X X X X X X X

16:4n-3 X X X X X X X X X X X X X X

16:4n-1 X X X X X X X X X X X X X X

18:0 X X X X X X X X X

18:1n-9 X X X X X X X X X X X X X X

18:1n-7 X X X X X X X X X X X X X X

18:2n-6 X X X X X X X X X X X X X X

18:2n-4 X X X X X X X X X X X X X X

18:3n-6 X X X X X X X X X X X X X X

18:3n-4 X X X X X X X X X X X X

18:3n-3 X X X X X X X X X X X X X X

18:3n-1 X X X X X X X X X X X X X X

18:4n-3 X X X X X X X X X X X X X X

18:4n-1 X X X X X X X X X X X X X X

20:1n-11 X X X

20:1n-9 X X X X X X X X X X X X X X

20:1n-7 X X X X X X X X X X X X X X

20:2n-6 X X X X X X X X X X X X X

20:3n-6 X X X X X X X X X X X X X X

20:4n-6 X X X X X X X X X X X X X X

20:3n-3 X X X X X X X X X X

20:4n-3 X X X X X X X X X X X X X X

20:5n-3 X X X X X X X X X X X X X X

22:1n-11 X X X X

22:1n-9 X X X X X

22:1n-7 X X

22:2n-6 X X X X X X X X

21:5n-3 X

22:4n-6 X X X X X X

22:5n-6 X X X X X X X X X X X

22:4n-3 X X X X X X X

22:5n-3 X X X X X X X X X X X X X X

22:6n-3 X X X X X X X X X X X X X X
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Table 3 continued

Extended Dietary and Dietary FA subsets from Iverson et al. (2004). Dietary FA subset includes only FAs that cannot be synthesized by consumers
and must come from the diet. Extended Dietary FA subset includes the Dietary subset, as well as eight FAs which can be synthesized by the
consumer but whose levels are inXuenced by FAs in the diet

FA Dietary Test 14 Test 15 Test 16 Test 17 Test 18 
(Reduced A)

Test 19 Test 20 Test 21 
(Reduced B)

Test 22 Test 23 Test 24 Test 25

14:0

16:0

16:1n-7

16:2n-6 X X X X X X X X X X X X X

16:2n-4 X X X X X X X X X X X X X

16:3n-6 X X X X X X X X X X X X X

17:0

16:3n-4 X X X X X X X X X X X X X

16:3n-1 X X X X X X X X X X X X X

16:4n-3 X X X X X X X X X X X X X

16:4n-1 X X X X X X X X X X X X X

18:0

18:1n-9

18:1n-7

18:2n-6 X X X X X X X X X X X X X

18:2n-4 X X X X X X X X X X X X X

18:3n-6 X X X X X X X X X X X X X

18:3n-4 X X X X X X X X X X X

18:3n-3 X X X X X X X X X X X X X

18:3n-1 X X X X X X X X X X X X X

18:4n-3 X X X X X X X X X X X X X

18:4n-1 X X X X X X X X X X X X X

20:1n-11 X X X

20:1n-9 X X X X X X X X X X X X X

20:1n-7 X X X X X X X X X X X X X

20:2n-6 X X X X X X X X X X X X

20:3n-6 X X X X X X X X X X X X X

20:4n-6 X X X X X X X X X X X X X

20:3n-3 X X X X X X X X X

20:4n-3 X X X X X X X X X X X X X

20:5n-3 X X X X X X X X X X X X X

22:1n-11 X X X X

22:1n-9 X X X X X

22:1n-7 X X

22:2n-6 X X X X X X X X

21:5n-3 X

22:4n-6 X X X X X X

22:5n-6 X X X X X X X X X X

22:4n-3 X X X X X X X

22:5n-3

22:6n-3 X X X X X X X X X X X X X
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