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Dick MF, Guglielmo CG. Dietary polyunsaturated fatty acids
influence flight muscle oxidative capacity but not endurance flight
performance in a migratory songbird. Am J Physiol Regul Integr
Comp Physiol 316: R362–R375, 2019. First published January 9,
2019; doi:10.1152/ajpregu.00206.2018.—The migratory flights of
birds are primarily fueled by fat; however, certain fatty acids may also
enhance flight performance and the capacity to oxidize fat. The natural
doping hypothesis posits that n–3 long-chain polyunsaturated fatty
acids (PUFA) increase membrane fluidity and aerobic and fatty acid
oxidative enzymes in the flight muscles, which enables prolonged
endurance flight. Support for this hypothesis is mixed, and there is no
empirical evidence for increased flight performance. We fed yellow-
rumped warblers (Setophaga coronata coronata) diets enriched in
either n–3 or n–6 long-chain PUFA or low in long-chain PUFA and
evaluated flight muscle metabolism and endurance performance in a
wind tunnel flights lasting up to 6 h. Fatty acid profiles of muscle
phospholipids confirmed enrichment of the targeted dietary fatty
acids, whereas less substantial differences were observed in adipose
triacylglycerol. Contrary to the predictions, feeding n–3 PUFA de-
creased peroxisome proliferator-activated receptors-� mRNA abun-
dance and muscle oxidative enzyme activities. However, changes in
muscle metabolism were not reflected in whole animal performance.
No differences were observed in flight performance among diet
treatments in terms of endurance capacity, energy costs, or fuel
composition. These measures of flight performance were more
strongly influenced by body mass and flight duration. Overall, we
found no support for the natural doping hypothesis in a songbird.
Furthermore, we caution against extending changes in flight muscle
metabolic enzymes or fatty acid composition to changes to migratory
performance without empirical evidence.
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INTRODUCTION

The migratory flights of birds are extreme feats of endurance
exercise that last from several hours to many days (12, 18, 62).
Similar to humans and other animal athletes, proper nutrition
could be important to a bird’s success. Fatty acid nutrition has
been highlighted for its potential to enhance flight perfor-
mance, particularly in supporting the oxidation of fat, the
principle fuel for flight (45, 48, 61). Mechanistically, there are
several potential ways fatty acids can influence physiology and
performance, including by altering the mobilization and oxi-
dation rates of fatty acids, influencing membrane composition
and fluidity, and serving as ligands for transcription factors

[reviewed by Price (51)]. These mechanisms are not mutually
exclusive and have been variously invoked to explain benefits
of certain fatty acids found in the diets of birds (45, 48, 61).
Yet, these mechanisms have been explored only superficially
in migratory birds.

The natural doping hypothesis posits that long-chain n–3
long-chain polyunsaturated fatty acids (PUFA), eicosapenta-
enoic acid (EPA; 20:5n–3), and docosahexaenoic acid (DHA;
22:6n–3) help prime the flight muscles for endurance flight (36,
37, 61). Increasing the relative proportion of DHA and EPA in
membranes increases membrane fluidity and may enhance
metabolic protein activity (61). Furthermore, EPA and DHA
are high-affinity ligands for peroxisome proliferator-activated
receptors (PPARs), and increase the expression of genes sup-
porting lipid metabolism (19). Combined, these mechanisms
would increase the capacity to oxidize fatty acids in the flight
muscle, which is needed for endurance flight (61). Support for
the natural doping hypothesis was first observed in refueling
migratory semipalmated sandpipers (Calidris pusilla) that con-
sume a diet high in DHA and EPA (36, 37). Dietary EPA and
DHA were incorporated into the flight muscle membranes and
correlated with the oxidative enzyme activities (36, 37). In a
follow up study of captive sedentary bobwhite quail (Collinus
virginianus), EPA and DHA supplementation increased oxida-
tive enzyme activities (42), providing evidence that dietary
fatty acids can influence the regulation of metabolic enzyme
activity.

The potential to enhance migratory performance may not be
limited to n–3 PUFA. Other evidence suggests there are ben-
efits of PUFA in general or of n–6 PUFA on peak metabolic
rate (PMR) in red-eyed vireos (Vireo olivaceous; Ref. 46) and
white-throated sparrows (Zonotrichia albicollis; Ref. 48). In
addition, Price and Guglielmo (48) found no effect of dietary
n–3 and n–6 PUFA on flight muscle oxidative capacity in
sparrows but did observe an increase in PMR in birds fed n–6
PUFA. Using a carefully designed feeding protocol, Price and
Guglielmo (48) were able to manipulate the phospholipid
composition of the flight muscle independent of adipose fatty
acid composition. This allowed them to attribute changes in
PMR to the fatty acid composition of the fuel (48). However,
the high proportion of DHA in the flight muscle phospholipids
of the sparrows may limit conclusions about the effect of n–3
and n–6 PUFA on membrane phospholipids and PPAR signal-
ing since DHA was enriched in the membranes of all the diet
groups.

Studies from a wide variety of taxa suggest that both n–3
PUFA and n–6 PUFA alter exercise performance at the whole
animal level. In rats, n–6 PUFA are associated with increased
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endurance (3) and long-chain n–3 PUFA increase resistance to
fatigue (43). In mammals (53) and Atlantic salmon (Salmo
salar, Refs. 9, 41), running or swimming speed is positively
associated with the n–6 PUFA 18:2 n–6. On the other hand,
elevated levels of DHA are found in the high-performance
muscles such as hummingbird flight muscles and rattlesnake
shakers (29). Additionally, in humans, endurance exercise
training increases the proportion of DHA in muscle inde-
pendent of diet (26). A key consideration in assessing
performance benefits is the need to ensure that the perfor-
mance test is relevant to the animal’s life history. In the case of
avian migration, the best metrics of flight performance are
arguably endurance capacity and energy efficiency, which
could impact both the length of migratory flight and fuel
requirements.

The goal of this study was to experimentally test the natural
doping hypothesis from the tissue level to whole animal per-
formance in a migratory bird, the yellow-rumped warbler
(Setophaga coronata). We created diets specifically enriched
in an n–3 long-chain PUFA (DHA), an n–6 long-chain PUFA
[arachidonic acid (ARA); 20:4n–6 ], or monounsaturated fatty
acids (MUFA) to alter the composition of flight muscle mem-
branes in terms of type and total proportions of long-chain
PUFA and limited differences in the adipose tissue. Based on
the natural doping hypothesis, we predicted that birds supple-
mented with n–3 long-chain PUFA will have flight muscles
with membranes enriched with DHA and increased oxidative
capacity resulting in improved flight performance (lower costs,
increased endurance, and reduced use of lean mass as fuel).
This study is the first to fully integrate tissue to whole animal
performance level tests of the influence of fatty acids on
migratory birds. We assessed the following: 1) effects of diet
on whole animal performance, 2) effects of diet on PPAR
mRNA abundance and oxidative enzyme activity, and 3)
changes in muscle metabolism during flight, and 4) the corre-
lation between changes in flight muscle metabolism and whole
animal performance.

MATERIALS AND METHODS

Animals and Experimental Design

Sixty yellow-rumped warblers were caught using mist nets in
October 2013 at Long Point, ON, Canada and housed at the Advanced
Facility for Avian Research at the University of Western Ontario
(London, Ontario, Canada) in free-flight aviaries (3.7-m long � 2.1-m
wide � 3-m tall and 3.6-m long � 2.4-m wide � 2.7-m tall). The
birds were initially kept on a fall photoperiod of 12-h light and 12-h
dark (12L:12D) and switched to a short-day winter photoperiod
(9L:15D) in late November to allow the birds to enter a nonmigratory
wintering condition. Decreasing day length was done gradually,
shortening by an hour each day. The birds were fed a synthetic
maintenance diet (Table 1), with canola oil used as the lipid source
until the start of the study. This diet is modified from Guglielmo et al.
(20) and was found to give the highest flight propensity in wind
tunnels. Animal capture, care, and procedures followed Canadian
Council on Animal Care guidelines and were approved by the Uni-
versity of Western Ontario Animal Use Subcommittee (protocol
2010-216) and by the Canadian Wildlife Service (permit CA-0256).

During the experimental phase, the birds were housed in pairs in
cages measuring 121-cm wide � 68-cm deep �185-cm high for
weeks 1 and 2, and when on the long-day photoperiod housed in cages
measuring 70-cm wide � 50-cm deep � 60-cm high. We divided the
birds into three experimental diet groups, with 20 birds per diet. To

standardize the amount of time birds consumed their experimental
diets and when they entered a spring migratory condition (time spent
on long-day photoperiod), we also grouped the birds into 10 blocks,
with 2 birds from each diet per block. Starting in late February, every
Monday a new block of birds would begin the 6-wk experimental
protocol. In week 1 the birds begin their experimental diet on their
short-day photoperiod for 2 wk (see Supplemental Materials Figure S1
for experimental timeline; Supplemental Material for this article at
https://figshare.com/articles/AJP_Supplemental_Materials_pdf/7492781/
1). At the start of week 3, the birds were switched straight to a long-day
photoperiod (16L:8D) to photo-stimulate them into a spring migratory
condition. In week 5, basal metabolic rate (BMR) and PMR were
measured (see below). In week 6, wind tunnel flight assessments and
tissue sampling occurred. Our intention was for each diet group in a block
to have one bird undergo endurance flight assessment (Flown; see below)
and one sampled as an unflown Control from each diet. As flying in a
wind tunnel is voluntary, if neither bird would fly, both birds would both
be sampled as Controls after a 2- to 3-day recovery from the flight
attempt.

The three experimental diets each had a unique dietary oil blend,
which replaced the canola oil used in the maintenance diet. The
MUFA diet oil blend was composed of olive and coconut oil (see
Supplemental Materials Table S1; https://figshare.com/articles/AJP_
Supplemental_Materials_pdf/7492781/1), which created a diet low in
long-chain PUFA and higher in MUFA. The n–3 PUFA diet oil blend
was composed of olive oil, coconut oil, and DHASCO (DSM Nutri-
tional Products, Kaiseraugst, Switzerland), an algal oil high in DHA.
The n–6 PUFA diet oil blend was composed of olive oil, coconut oil,
and ARASCO (DSM Nutritional Products), a fungal oil high in ARA.
Four weeks after the diet treatments were started with the first block
of birds, it became apparent that the n–3 PUFA diet birds were having
health problems. The birds were weaker than normal, had reduced
flight capacity, and appeared to have larger than normal variation in
daily food intake and body mass, and two died unexpectedly during
this period. The n–3 and n–6 PUFA diets were both reformulated,
reducing the long-chain PUFA intake by half (Table 2). After the
reformulation, there were no further health issues. This problem only
influenced the first four experimental blocks, with the first two blocks
being the only birds to have detectable health issues and the two
surviving individuals from these blocks were not included in the
study. These birds were not replaced, and as such the n–3 PUFA
group was composed of 16 birds total.

Respirometry

To measure BMR, warblers were food-deprived for 2 h before the
start of the dark period at 1900 to ensure they were in a postabsorptive
state and placed into stainless steel chambers (1.12 liters) in an

Table 1. Composition of the synthetic diets fed to yellow-
rumped warblers (Setophaga coronata) during the feeding
trial

Ingredients Grams Percent

Dextrosea 450 16.3
Caseinb 100 3.6
Agarb 45 1.6
Briggs-N salt mixc 44 1.6
AIN-76 vitamin mixc 15 0.5
Water 2,000 72.4
Oild 85 3.1
Cellulosee 24 0.9
Carb/protein/fat, %dry 61.7/14.2/10.1

aADM Corn Processing, Decatur, IL. bAffeymetric USB, Cleveland, OH.
cMP Biomedicals, Solon, OH. dDietary oil is canola oil during maintenance
phase or experimental oil blend during the experimental phase. eSigma Al-
drich, Oakville, OH.
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incubator at 31°C (Sanyo Incubator MIR-154, Sanyo Scientific).
Inflow air into the chamber was dried using a gas drier (PC-4 Peltier
Effect Dryer; Sable Systems International, Las Vegas, NV) and two
desiccant columns (800-ml Drierite; W. A. Hammond Drierite, Zenia,
OH). The dried air was split into 4 lines and passed individually
through flow controllers (Flowbar 8; Sable Systems International) that
regulated the flow to three 1.5-liter respirometry chambers and a
background line at a rate of 1 l/min. Outflow air lines were attached
to a multiplexer (MUX multiplexier, Sable Systems International), so
that each line could be measured for 5 min before switching to the
next line. The outflow air was subsampled at a rate of 200 ml/min
before measuring water vapor (RH-300; Sable Systems International),
CO2 (CA-2A; Sable Systems International), and O2 (FC-1B; Sable
Systems International). The instruments were connected to an analog-
to-digital converter (UI-2; Sable Systems International). With the use
of Expedata software (Sable Systems International) for analysis, BMR
was defined as the lowest rate oxygen consumption during a 5-min
sampling period, which occurred 4–5 h into the dark period. V̇O2 and
V̇CO2 were lag corrected and calculated using Eqs. 11.7 and 11.8 from
Lighton (33). The BMR V̇O2 measurements were converted into watts
(W, J/s) adjusting for respiratory exchange ratio (RER) following
Lighton (33).

Two to three days after BMR measurements, we used a hop/hover
wheel to measure PMR (8, 48). The 24-cm diameter enclosed flight
wheel (7.7 liters) was continuously supplied with dried air at a rate of
3 l/min. The air exiting the chamber was subsampled at 200 ml/min
and water vapor, CO2, and O2 were measured as described above. The
birds were deprived of food 3 h before to the PMR measurement. Each
bird was given a 2-min adjustment period after it entered the flight
wheel. The wheel was then manually spun, first slowly and then
increasing in speed to maintain hovering flight. The birds were
exercised until they began to pant and/or were unable to maintain
hovering flight. PMR was calculated, similar to BMR, from the
highest instantaneous V̇O2 averaged over a 1-min period (8). PMR
measurements were not collected from all birds because a PMR
measurement was stopped if the bird’s behavior in the flight wheel
had the potential to damage their flight feathers or cause other bodily
harm. Aerobic scope was calculated as PMR/BMR.

Endurance Flight Assessments and Sampling

Endurance flight performance was assessed using a wind tunnel
designed for birds. Previous to the flight performance assessment, all
birds (control and flown groups) had undergone flight testing during
the fall (�20-min duration) and an additional flight (�15-min dura-
tion) the week before the flight assessment. For the flight performance
assessments, the warblers were deprived of food 2 h before the start
of the dark period to simulate the quiescent period that occurs before
a migratory flight (51a). After the lights were turned off (1900), the
birds were weighed and scanned using quantitative magnetic reso-
nance (QMR, Echo-MRI-B; Echo Medical Systems, Houston, TX) to
measure fat and wet lean mass (22) and placed in a cotton bag for 5
min. The birds were then flown under minimal light conditions, at 8
m/s, 70% relative humidity, and 15°C. Endurance flights lasted for up
to 360 min. Flights ended when the bird voluntarily stopped three
times within a 5-min period or reached the 360-min mark. The change
in lean and fat mass was used to estimate the energy contribution from
each fuel source using the conversion factors of 39.6 kJ/g for fat and
5.3 kJ/g for lean mass (16, 30). Power (W, J/s) was calculated from
total energy expenditure divided by flight duration. Relative protein
contribution was calculated as the proportion of total energy from lean
mass catabolism.

The Flown birds were sampled immediately after flight (~2–7 h
after lights off). During sampling, a 60- to 70-�l blood sample was
collected and centrifuged (2,000 g for 10 min) to isolate the plasma.
After this blood sampling was completed, the birds were weighed, and
the body composition measured using QMR. The bird was then
anesthetized using isoflurane (PrFlorane; Baxter, Mississaugua, ON,
Canada) and killed by decapitation, and adipose and flight muscle
samples were collected. The collected samples were flash frozen in
liquid nitrogen and stored at �80°C. Control birds were deprived of
food 2 h before sampling at the start of the dark period. Similar to the
Flown birds, a 60- to 70-�l blood sample was collected, body mass
and composition were measured, and muscle and adipose samples
were collected and flash frozen. Sex was determined post mortem.

Fatty Acid Profiles

Fatty acid profiles of adipose, flight muscle phospholipids, and
plasma were analyzed. Total lipids were extracted from 10 mg
adipose, 50 mg flight muscle, and 10–15 �l of plasma, using methods
modified from Price and Guglielmo (48) and Thomas et al. (59).
Briefly, the tissue was homogenized in 2 ml chloroform-methanol-
0.1% butylated hydroxytoluene (2:1:0.003 vol/vol/wt) and centrifuged
at 3,750 g for 15 min. This was followed by the addition of 1 ml
0.25% potassium chloride. The samples were then incubated at 70°C
for 10 min, and the bottom organic layer was removed, filtered
through glass wool, and dried under a stream of nitrogen. We did not
separate lipid fractions of adipose because the fatty acid content is
almost completely reflective of neutral lipids (32). Because we did not
separate lipid fractions of plasma, the fatty acid composition we report
includes nonesterified fatty acid (NEFA), neutral lipids, and polar
lipids. We were specifically interested in muscle phospholipids be-
cause muscle neutral lipids generally match adipose very closely (32).
Thus, for the flight muscle, the phospholipid fraction was isolated
using Supelclean solid phase extraction columns (Supelclean; Sigma-
Aldrich, Oakville, ON) following Price and Guglielmo (48). Briefly,
neutral lipids were eluted with 1.8 ml chloroform:isopropanol (2:1
vol/vol), followed by nonesterified fatty acids (NEFA) with 1.6 ml
isopropyl ether:acetic acid (49:1 vol/vol), and the phospholipid frac-
tion was eluted with 2 ml of methanol. The isolated fractions were
dried under a nitrogen stream and resuspended in 100 �l chloroform.
We added heptadecanoic acid (17:0, 200 �l, 3 mg/10 ml hexane;
Sigma, St. Louis, MO) to the resuspended lipids as an internal
standard. Before fatty acid methyl esters (FAMEs) generation, the
resuspended lipid samples were dried under nitrogen. FAMEs were
generated by the addition of 200 �l 0.5 N methanoic-HCl (Sigma-

Table 2. Composition of the reformulated dietary oil blends
used in the experimental synthetic diets fed to the yellow-
rumped warblers (Setophaga coronata)

MUFA n–3 PUFA n–6 PUFA

Percentage of dietary oil
Olive oil* 72 57 58
Coconut oil† 28 15 30
ARASCO (20:4n–6)‡ 0 0 12
DHASCO (22:6 n–3)‡ 0 28 0

Net fatty acid profile, g/100 g oil
SFA 39.4 39.8 39.8
MUFA 53.8 49.1 47.1
PUFA 6.74 10.2 11.2
n–3 PUFA 0.50 5.02 0.42
18:3 n–3 0.50 0.40 0.42
EPA (20:5 n–3) 0 0 0
DHA (22:6 n–3 0 4.62 0
n–6 PUFA 6.25 5.14 10.8
18:2 n–6 6.05 4.89 6.74
ARA (20:4n–6) 0.15 0.25 4.06

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; EPA, eicosapentaenoic acid; DHA, docosa-
hexaenoic acid; ARA, arachidonic acid. *Loblaws, Toronto, ON, Canada.
†Spectrum Naturals, Delta, BC, Canada. ‡DSM Nutritional Products, Kaiser-
augst, Switzerland.
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Aldrich) to the dried lipids and heated for 30 min at 90°C. Afterward,
800 �l water were added, and the FAMEs were extracted three times
with 500 �l hexane. The hexane extract was dried under nitrogen and
suspended in 80 �l chloroform. The FAMEs were separated on a 6890
N gas chromatograph (Agilent Technologies, Santa Clara, CA), with
a flame ionization detector and a DB-225ms column (30-m long,
0.250 internal diameter, 0.25-�m film; Agilent Technologies, Palo
Alto, CA) using N2 as the carrier gas. The temperature program was
80°C for 2 min, followed by a 5°C/min ramp to 180°C, which was
held for 5 min, and then a 1°C/min to 200°C, followed by a 10°C/min
ramp to 240°C, which was held for 3 min. Fatty acid peaks identities
were determined by comparing retention times to commercial stan-
dards (Supelco 37 mix, Supelco PUFA No. 3 Menhaden Oil, Supelco
FAME mix C8-C24; Sigma-Aldrich). To calculate fatty acid mass
percent, the peak area for each fatty acid was divided by the total peak
area of identified peaks and expressed as a proportion. With the
exception of DHA, ARA, an EPA (20:5n–3), only fatty acids with at
least one group with an average �1% were included for statistical
analysis. The total proportion of each fatty acid class was calculated
as follows: MUFA (14:1, 16:1 n–7, 18:1 n–9, and 18:1 n–7), PUFA
(18:2n–3, 18:3 n–3, ARA, 22:5 n–3, and DHA), saturated fatty acids
(SFA; 12:0, 14:0, 16:0, and 18:0), with n–3 and n–6 PUFA calculated
as the sum of the n–3 and n–6 series, respectively, and long-chain
PUFA as PUFA �18 carbons in length.

Flight Muscle Lipid Metabolism and PPAR Expression

Flight muscle mRNA abundance of PPAR-�, PPAR-�, PPAR-	,
heart-type fatty acid binding protein (H-FABP or FABP3), and a
housekeeping gene (GAPDH) were measured using quantitative real-
time PCR. RNA was isolated and DNAse treated from 30 mg of flight
muscle tissue using the RNeasy Fibrous Tissue Mini Kit (Qiagen,
Mississauga, ON, Canada). cDNA synthesis was done using the High
Capacity RNA-to-cDNA kit (Applied Biosystems, Burlington, ON,
Canada), and the cDNA was then diluted 100-fold with water. Quan-
titative real-time PCR was run for each gene with a CFX384 Real-
Time system instrument (Bio-Rad, Mississauga, ON, Canada). The
PCR reaction conditions were 2 �l of the diluted cDNA, 6 �l 2� master
mix (SensiFast SYBR and Fluorescein Mix, Bioline; Tauton, MA),
0.33 �M of the primers (Supplemental Table S2; https://figshare.com/
articles/AJP_Supplemental_Materials_pdf/7492781/1) in a total reaction
volume of 12 �l. The cycling conditions for all other genes were as
follows: 95°C held for 10 min, followed by 45 cycles of 95°C for 20 s,
59°C for 20 s, and 72°C for 10 s. Primers and cycling conditions for
H-FABP are as described by McFarlan et al. (40). All samples were run
in triplicate. The mRNA expression was calculated using the 2�

CT

method (34). For each gene, the arithmetic mean expression of the
MUFA Control group was set to 1.

Maximum enzyme activity in the flight muscle of carnitine palmi-
toyl transferase (CPT; EC 2.3.1.21), citrate synthase (CS; EC 2.3.3.1),
3-hydroxyacyl-CoA dehydrogenase (HOAD; EC 1.1.1.35), and lac-
tate dehydrogenase (LDH; EC 1.1.1.27) was measured following
Price et al. (50).

Statistical Analysis

All statistics were performed using SAS (version 9.4; SAS Insti-
tute, Cary, NC), with significance set at � � 0.05, and trends in the
data were considered at P � 0.1. By chance the sexes were evenly
distributed across the diet treatments (MUFA: 11 males, 9 female;
n–6 PUFA: 10 male, 10 female; and n–3 PUFA: 9 male, 7 female).
Sex, tarsus length and wing cord were not significant factors or
covariates (P � 0.05) and as such were not included in the statistical
analysis. Body mass and the blocking factor were included as cova-
riates when significant (P � 0.05). Weekly body mass was analyzed
using repeated measures to test for the effects of diet, time, and their
interaction on body mass. Metabolic rates (BMR and PMR), and final
body mass and body composition analyses were performed using

one-way ANOVA testing for an effect of diet. For these analyses, the
Flown and Control birds for each diet were combined as the birds
were treated identically until the wind tunnel flight and there was no
significant effect of flight (P � 0.05).

Fatty acid profiles were first analyzed by measures analysis of
variance (MANOVA) using Wilks Lamda for each tissue to test for
significant main effects and the diet and flight interaction. If the
interaction was not significant in the MANOVA, it was dropped from
the model to simplify the analysis. Significant effects or interactions
were then evaluated by univariate analysis on individual fatty acids
and fatty acid classes using ANOVA.

The Kruskal-Wallis nonparametric test was used to test for differ-
ences in flight duration. Other flight performance parameters tested
included initial body mass and flight duration as covariates, and we
initially tested for their interactions. Nonsignificant interactions were
removed from the model (P � 0.05). Correlations between flight
performance variables were determined using Pearson correlation
coefficient.

Muscle metabolic enzyme activities and gene expression were
analyzed using two-way ANOVA to test for the main effects and
interaction of diet and flight treatment. Pearson correlation coeffi-
cients were used to test for relationships between muscle metabolic
indicators and whole animal performance. For flight duration, all
flights were included in the correlation analysis. Since flight duration
was significantly and strongly correlated to energy costs and relative
protein contribution, we used only the 360-min flights for correlations
with energy costs and relative protein contribution as this would
eliminate flight duration as a factor that would influence the correla-
tions.

RESULTS

Fatty Acid Composition

The muscle phospholipids showed the greatest response to
manipulation of dietary fatty acid composition (Table 3). The
experimental diets altered the fatty acid composition of the muscle
phospholipids (MANOVA: Wilks � � 0.03: F14,80 � 31.86, P �
0.0001), but flight did not have any further effect (MANOVA:
Wilks � � 0.85: F6,41 � 0.47, P � 0.83) nor was there an inter-
action between diet and flight (MANOVA: Wilks � � 0.87:
F12,82 � 0.47, P � 0.93). The MUFA diet group had higher total
MUFA and lower SFA in the muscle phospholipids compared
with the n–3 and n–6 PUFA groups, and this was primarily the
result of higher proportions 18:1n–9 and lower 16:0 and 18:0
in the MUFA group. No differences in total PUFA were
observed among the diet groups. However, the MUFA group
had less long-chain PUFA but with both DHA and ARA
present. The n–6 PUFA and n–3 PUFA diet groups had higher
ARA and DHA levels, respectively, in muscle phospholipids.
The n–3 PUFA group had higher levels of EPA than the other
diets but was substantially less than the proportions of DHA.

In adipose tissue, there was an overall effect of diet on fatty
acid composition (MANVOA: Wilks � � 0.001: F20,74 � 8.56,
P � 0.0001); however, flight did not have any effect
(MANOVA: Wilks � � 0.09: F10,37 � 1.24, P � 0.29), and
there was no interaction between flight and diet (MANOVA:
Wilks � � 0.80: F20,74 � 0.45, P � 0.97). When compared
with the flight muscle, adipose had lower proportions of SFA
and PUFA, higher proportions of MUFA. When the n–3 and
n–6 diet groups were compared, the MUFA diet group had
lower proportion of SFA but higher proportion of MUFA
(Table 4). Differences in long-chain PUFA were present, but
the levels were much lower compared with the muscle phos-
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pholipids, and none of the relative proportions of long-chain
PUFA exceeded 1%.

In contrast to the flight muscle phospholipids and adipose, in
the plasma there was an interaction between diet and flight
(MANOVA: Wilks � � 0.44: F20,78 � 1.92, P � 0.02), and main
effects of flight (MANOVA: Wilks � � 0.53: F10,39 � 3.45, P �
0.002) and diet (MANOVA: Wilks � � 0.02: F20,78 � 22.06,
P � 0.0001). The differences in the plasma fatty acids among
diets were similar to those observed in the muscle phospholipid
and adipose (Table 5). Additionally, the effect of flight on fatty
acid composition was diet specific. In the MUFA group,
16:1n–7, 18:1n–9, and 18:2n–6 were higher in the Flown birds,
and there was higher proportion of MUFA and lower propor-
tion of SFA. In the n–3 PUFA group, MUFA were lower and
SFA higher in the Flown birds. No significant effect of flight
was observed in the n–6 PUFA group.

Body Composition and Metabolic Rate

Warblers decreased in body mass during the first week of
adjustment to the experimental diets and immediately following
the switch to long-day photoperiod, but they increased in body
mass as they entered into a migratory condition (Fig. 1; week:
F6,371 � 13.14, P � 0.001). We also observed hyperphagia and
migratory restlessness behavior, verifying the birds entered a
migratory condition after switching to the long-day photoperiod.
There was no significant main effect of diet or interaction between
diet and time (diet: F2,371 � 2.70, P � 0.07; diet � time:
F12,371 � 0.19, P � 0.99), and the blocking factor (treatment start
date) was significant, with the last two blocks being slightly
heavier overall (F9,371 � 5.09, P � 0.001). Final body composi-
tion at sampling in the Controls and preflight in the Flown birds
did not differ among the diets for body mass (F2,53 �0.01, P �

Table 3. Fatty acid composition of the muscle phospholipids from yellow-rumped warblers (Setophaga coronata) fed
different dietary oil blends

Fatty Acid MUFA n–3 PUFA n–6 PUFA F Value P Value

16:0 27.86 
 0.72b 33.94 
 0.70a 29.50 
 0.72b F2,50 � 19.69 �0.0001
18:0 25.71 
 0.61b 28.18 
 0.60a 29.61 
 0.61a F2,50 � 10.18 0.0002
18:1n–9 cis 18.14 
 0.57b 7.14 
 0.56c 10.12 
 0.57b F2,50 � 99.16 �0.0001
18:2n–6 cis 6.58 
 0.38b 1.31 
 0.37b 1.65 
 0.38b F2,50 � 60.91 �0.0001
20:4n–6 (ARA) 10.34 
 1.01b 0.67 
 0.98c 18.95 
 1.01a F2,50 � 88.73 �0.0001
20:5n–3 (EPA) 0.06 
 0.11b 1.17 
 0.11a 0.09 
 0.11b F2,50 � 34.28 �0.0001
22:6 n–3 (DHA) 8.26 
 1.40c 25.00 
 1.36a 7.07 
 1.39b F2,50 � 53.16 �0.0001
SFA 54.00 
 1.04c 62.70 
 1.02a 59.58 
 1.04b F2,50 � 18.43 �0.0001
MUFA 19.72 
 0.59a 8.91 
 0.57c 11.67 
 0.59b F2,50 � 93.20 �0.0001
PUFA 26.29 
 1.21 28.38 
 1.18 28.34 
 1.21 F2,50 � 0.98 0.38
LCPUFA 19.19 
 1.30b 27.03 
 1.27a 26.53 
 1.30a F2,50 � 11.50 �0.0001
n–3 PUFA 8.90 
 1.46b 26.36 
 1.42a 7.60 
 1.46b F2,50 � 53.44 �0.0001
n–6 PUFA 17.09 
 0.90b 2.01 
 0.87c 20.71 
 0.89a F2,50 � 128.08 �0.0001
n–6:n–3 2.13 
 0.86b 0.10 
 0.85c 4.69 
 0.86a F2,50 � 7.17 0.002

Data are %mean mass 
 SE. Fatty acid groups include minor fatty acids not listed above. EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; ARA,
arachidonic acid; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; LCPUFA, long-chain PUFA. Warblers per
group: MUFA: 20; n–3 PUFA: 16; n–6 PUFA: 20.a,b,cP � 0.05, values with different superscripts differ between diet groups.

Table 4. Fatty acid composition of the adipose from yellow-rumped warblers (Setohaga coronata) fed different dietary oil
blends

Fatty Acid MUFA n–3 PUFA n–6 PUFA F Value P Value

12:0 3.88 
 0.21a,b 3.13 
 0.21b 4.39 
 0.21a F2,50 � 9.29 0.0004
14:0 3.09 
 0.24b 4.11 
 0.23a 3.73 
 0.24b F2,50 � 4.85 0.012
16:0 27.97 
 0.86 29.09 
 0.84 27.87 
 0.86 F2,50 � 0.64 0.53
16:1n–7 3.75 
 0.29 3.32 
 0.28 3.78 
 0.29 F2,50 � 0.81 0.45
18:0 6.32 
 0.37b 8.38 
 0.36a 8.45 
 0.37a F2,50 � 10.72 0.0002
18:1n–7 1.14 
 0.08a 0.93 
 0.08a,b 0.72 
 0.08b F2,47 � 6.99 0.002
18:1n–9 cis 49.66 
 1.05a 44.06 
 1.03b 45.75 
 1.05b F2,50 � 7.71 0.001
18:2n–6 cis 3.48 
 0.37 3.80 
 0.36 3.53 
 0.37 F2,50 � 0.22 0.80
20:4n–6 (ARA) 0.04 
 0.05b 0.04 
 0.05b 0.63 
 0.05a F2,50 � 50.47 �0.0001
20:5n–3 (EPA) 0.002 
 0.01b 0.04 
 0.01a 0.002 
 0.01b F2,50 � 9.64 0.0003
22:6 n–3 (DHA) 0.09 
 0.12b 0.98 
 0.11a 0.001 
 0.12b F2,50 � 20.24 �0.0001
SFA 41.72 
 0.87b 45.14 
 0.85a 44.91 
 0.87a F2,50 � 4.87 0.012
MUFA 54.18 
 0.85a 49.41 
 0.83b 50.27 
 0.85b F2,50 � 9.11 0.0005
PUFA 3.85 
 0.45 5.15 
 0.44 4.58 
 0.45 F2,50 � 2.11 0.13
LCPUFA 0.15 
 0.13c 1.12 
 0.13a 0.65 
 0.13b F2,50 � 13.15 �0.0001
n–3 PUFA 0.26 
 0.13b 1.26 
 0.13a 0.22 
 0.13b F2,50 � 19.46 �0.0001
n–6 PUFA 3.54 
 0.37 3.86 
 0.36 4.29 
 0.37 F2,50 � 1.00 0.38
n–6:n–3 20.07 
 2.07a 5.38 
 2.02b 20.34 
 2.07a F2,50 � 17.62 �0.0001

Data are %mean mass 
 SE. Fatty acid groups include minor fatty acids not listed above. Values with different superscripts differ (P � 0.05) between diet
groups. EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; ARA, arachidonic acid; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids;
PUFA, polyunsaturated fatty acids; LCPUFA, long-chain PUFA. Warblers per group: MUFA: 20; n–3 PUFA: 16; n–6 PUFA: 20.a,b,cP � 0.05, values with
different superscripts differ between diet groups.
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0.99), wet lean mass (F2,53 � 0.23, P � 0.79), or fat mass
(F2,53 � 0.48, P � 0.62), and there was no effect of the blocking
factor (P � 0.05) (Table 6).

Diet did not significantly influence BMR (F2,52 � 1.24, P �
0.29), after we controlled for the positive effect of the covariate
body mass (slope � 0.008; F1,52 � 34.79, P � 0.001). Unlike
BMR, not all PMR measurements were successful, and only 31
successful PMR were measured (16 in the Control group, with
15 in the Flown group, 7 of which flew for 360 min). Similar
to BMR, no diet effects were detected in PMR (F2,26 � 2.38,
P � 0.11), after we controlled for the effects of the covariates
body mass (slope � 0.003, F1,26 � 9.97, P � 0.04) and the
blocking factor (F8,26 � 9.97, P � 0.001). Correspondingly,
there were no significant differences among diets in aerobic
scope (F2,27 � 2.02, P � 0.15), with the blocking factor
included as a covariate (F8,27 � 4.48, P � 0.001).

Endurance Flight Performance

Twenty-four warblers successfully completed endurance
flights (n–3 PUFA: 7 Flown, 9 Control; n– 6 PUFA: 8
Flown, 12 Control; MUFA: 9 Flown, 11 Control). The
majority of flights were 360 min in length (n � 15), and the
remaining flights were typically 60 –120 min in length
(Fig. 2). We had 11 failed flights over the course of the
study (n–3 PUFA: 4; n– 6 PUFA: 4; MUFA: 3), and after the
flight attempts these birds were sampled as Control birds.

We were unable to determine any behavioral, physical
factor (feather condition, body composition), or muscle
biochemical marker that could differentiate these birds from
either the Control or Flown groups.
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Fig. 1. Body mass (means 
 SE) of yellow-rumped warblers (Setophaga coro-
nata) fed experimental diets over the first 42 days. Day 1 indicates the start of the
experimental diets, and on day 14, birds shift from short day to long day
photoperiod. Monounsaturated fatty acids (MUFA; n � 20): black circle and
dotted line, n–3 long-chain polyunsaturated fatty acids (PUFA; n � 16): dark gray
square and solid line, n–6 PUFA (n � 20): light gray triangle and dotted line.
Letters indicate overall significant differences between days (P � 0.05).

Table 5. Fatty acid composition of total plasma lipids from Control and Flown yellow-rumped warblers (Setophaga
coronata) fed different dietary oil blends

Fatty Acid/Flight MUFA n–3 PUFA n–6 PUFA F Value P Value

12:0 1.07 
 0.13a 0.61 
 0.13b 0.79 
 0.13b F2,50 � 3.52 0.04
14:0 1.84 
 0.21 1.42 
 0.21 1.50 
 0.22 F2,50 � 1.11 0.34
15:0 1.57 
 0.42 1.37 
 0.42 0.53 
 0.44 F2,50 � 1.66 0.2
16:0 25.40 
 0.50 26.24 
 0.51 26.49 
 0.50 F2,50 � 1.27 0.29
16:1n–7

Control 1.85 
 0.16*a 2.00 
 0.16*a 1.32 
 0.17b F2,50 � 5.12 0.01
Flown 2.37 
 0.17a 1.49 
 0.18b 1.56 
 0.18b

18:0 15.32 
 1.41 13.54 
 1.45 17.82 
 1.47 F2,50 � 2.12 0.13
18:1n–7 1.14 
 0.08a 0.93 
 0.08a,b 0.72 
 0.08b F2,47 � 6.99 0.002
18:1n–9 cis

Control 32.00 
 2.64* 37.46 
 2.63 30.28 
 2.78 F2,50 � 4.62 0.01
Flown 41.34 
 2.78a 30.58 
 2.94b 28.21 
 2.9b

18:2n–6 cis
Control 4.32 
 0.50* 5.19 
 0.37* 3.83 
 0.53 F2,50 � 5.84 0.005
Flown 6.20 
 0.50a 3.59 
 0.56b 3.35 
 0.56b

20:3 n–6 0.57 
 0.48 0.26 
 0.49 1.28 
 0.51 F2,50 � 1.08 0.34
20:4n–6 (ARA) 5.02 
 0.80b 0.71 
 0.82c 12.96 
 0.80a F2,50 � 55.06 �0.0001
20:5n–3 (EPA) 0.21 
 0.25b 4.32 
 0.25a 0.10 
 0.26b F2,50 � 89.76 �0.0001
22:6 n–3 (DHA) 0.48 
 0.36b 6.96 
 0.37a 0.36 
 0.37b F2,50 � 105.69 �0.0001
SFA

Control 47.91 
 2.57*a 39.08 
 2.57b 47.29 
 2.71a F2,50 � 3.33 0.04
Flown 40.25 
 2.71 45.29 
 2.88 46.57 
 2.88

MUFA
Control 37.13 
 2.26*a 41.64 
 2.26*b 32.88 
 1.74a F2,50 � 5.51 0.007
Flown 45.50 
 2.38a 34.35 
 2.53b 33.04 
 2.53b

PUFA 12.52 
 1.07b 17.66 
 1.11a 19.00 
 1.13a F2,50 � 9.82 0.0003
LCPUFA 5.82 
 0.97b 12.43 
 1.00a 13.59 
 1.02a F2,50 � 18.08 �0.0001
n–3 PUFA 1.18 
 0.58b 11.92 
 0.60a 0.93 
 0.61b F2,50 � 109.80 �0.0001
n–6 PUFA 10.90 
 0.84b 5.44 
 0.87c 17.88 
 0.89a F2,50 � 50.10 �0.0001
n–6 :n–3 10.11 
 1.75b 0.50 
 1.80c 23.94 
 1.85a F2,50 � 41.35 �0.0001

Data are %mean mass 
 SE. Fatty acid groups include minor fatty acids not listed above. EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; ARA,
arachidonic acid; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; LCPUFA, long-chain PUFA. Warblers per
group: n–3 PUFA: 7 Flown, 9 Control; n–6 PUFA: 8 Flown, 12 Control; MUFA: 9 Flown, 11 Control. *Significant effect of flight within a diet group.a,b,cP �
0.05, values with different superscripts differ between diet groups; for significant diet and flight interactions, letter comparisons are within Control and Flown
groups.
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Birds that flew longer had lower flight power (r � �0.56,
P � 0.003) and a lower relative protein contribution used to
fuel the flight (r � �0.80, P � 0.0001; see Supplemental
Table S3; https://figshare.com/articles/AJP_Supplemental_
Materials_pdf/7492781/1). The amount of fat catabolized in-
creased with flight duration (r � 0.90, P � 0.0001), but lean
mass catabolized did not correlate with flight duration
(r � 0.04, P � 0.46). With the consideration that birds that
flew the full 360 min, body mass was positively correlated with
flight energy cost (r � 0.75, P � 0.0012) and negatively with
relative protein contribution (r � �0.73, P � 0.0019; see Sup-
plemental Table S4 and Supplemental Fig. S2: https://figshare.
com/articles/AJP_Supplemental_Materials_pdf/7492781/1). The
amount of fat catabolized was significantly correlated to body
mass (r � 0.74, P � 0.001), and there was a trend for less lean
mass catabolism with increasing body mass (r � �0.49, P �
0.06).

Flight duration did not vary among the diet groups (�2 �
0.8296, P � 0.67; Table 7). Additionally, diet did not alter the
amount of mass catabolized during flight (F2,19 � 0.43, P �
0.65), with the included covariates: flight duration (F1,19 � 67.8,
P � 0.0001) and preflight body mass (F1,19 � 0.82, P � 0.38).
Similarly, no significant differences in lean mass catabolized (diet:
F2,19 � 0.48, P � 0.62; duration: F1,19 � 0.15, P � 0.71; pre-
flight body mass: F1,19 � 4.17, P � 0.55) or fat mass catabolized
(diet: F2,19 � 1.88, P � 0.18; duration: F1,19 � 198, P � 0.0001;
preflight body mass: F1,19 � 14.16, P � 0.001) were observed.
Total energy used did not differ among diets (diet: F2,19 � 2.17,
P � 0.14; duration: F1,19 � 270.14, P � 0.0001; preflight body
mass: F1,19 � 13.89, P � 0.001). The relative protein contribution
to the fuel mixture did not differ between diets (diet: F2,19 � 1.20,
P � 0.33; duration: F1,19 � 28.79, P � 0.0001; preflight body
mass: F1,19 � 4.18, P � 0.06). Similar results were observed
when the 360-min flights only were tested (Table 7). Flight power
(W) did not differ among diets when 360-min flights only were
examined (diet: F2,11 � 1.11, P � 0.36; preflight body mass:
F1,11 � 11.67; P � 0.006). Power is reported for the 360-min
flights only because it was significantly correlated with flight
duration, and flight power decreased with increasing flight dura-
tion. This could create an issue with autocorrelation and yield
misleading conclusions about the effect of diet.

PPAR mRNA Expression and Metabolic Enzymes

Neither diet nor flight significantly influenced PPAR-�
mRNA abundance (diet: F2,50 � 1.5, P � 0.23; flight:
F1,50 � 2.3, P � 0.14, diet � flight: F2,50 � 0.16, P � 0.85,
Fig. 3). In contrast, PPAR-� differed significantly among diets
(F2,50 � 3.77, P � 0.03) and was higher in Flown birds
(F1,50 � 21.44, P � 0.001), but there was no significant diet �
flight interaction (F2,50 � 1.43, P � 0.25). PPAR-� mRNA
abundance was significantly lower in the n–3 PUFA diet group.
For PPAR-	, a significant interaction between diet and flight
was observed (F2,50 � 3.26, P � 0.047), where expression was
lower in both the MUFA and n–3 PUFA Flown groups but not
in the n–6 PUFA group, which had intermediate mRNA levels.

Metabolic enzyme activities were also influenced by the
experimental diets, but flight, body mass, or the blocking
factors were not significant (Fig. 4). The activity of CPT was
not related to diet or flight (P � 0.05). However, when the two
PUFA groups were combined they had lower CPT activity than
the MUFA group (F1,50 � 4.58, P � 0.037). Activity of CS
was significantly lower in the n–3 PUFA group compared with
the n–6 PUFA group (diet: F2,50 � 6.81, P � 0.002; flight:
F1,50 � 0.09, P � 0.76, diet � flight: F2,50 � 1.24, P � 0.30).
The n–3 PUFA group also had lower HOAD activity compared
with the n–6 PUFA and MUFA diet groups (diet: F2,50 � 3.28,
P � 0.046; flight: F1,50 � 1.02, P � 0.32, diet � flight:
F2,50 � 2.21, P � 0.12). In contrast, LDH activity was elevated
in the n–3 PUFA group compared with the n–6 PUFA group
(diet: F2,50 � 5.91, P � 0.008; flight: F1,50 � 0.01, P � 0.97,
diet � flight: F2,50 � 0.64, P � 0.53). H-FABP mRNA ex-
pression was not influenced by diet, but a trend for increased
expression during flight was observed (diet: F2,50 � 0.48, P �
0.62; flight: F1,50 � 3.63, P � 0.06, diet � flight: F2,50 � 0.15,
P � 0.86, Fig. 5).

Correlations of Muscle Metabolism and Metabolic Rate with
Flight Performance

There were no significant correlations between flight dura-
tion and muscle metabolism or metabolic rate (Supplemental
Table S3; https://figshare.com/articles/AJP_Supplemental_Mat
erials_pdf/7492781/1). Since flight performance (power and
relative protein contribution) changed with duration, we fo-
cused solely on the 360-min flight for correlations between
metabolic rate and muscle metabolism with flight performance
(Supplemental Table S4). BMR was significantly correlated
with flight power, likely as a result of body mass influencing
both factors. Although neither BMR nor PMR was correlated
with relative protein contribution, aerobic scope was positively
correlated with the relative protein contribution. In terms of
muscle metabolic indicators, the only significant correlation
with flight performance was a negative correlation between
HOAD and relative protein contribution.

DISCUSSION

The natural doping hypothesis proposes that DHA and EPA
increase flight muscle oxidative capacity, thereby enabling
prolonged endurance flight of migratory birds (36, 37, 61). In
the current study, we found no support for the natural doping
hypothesis. PUFA did influence muscle lipid metabolism, but
feeding diets enriched with n–3 PUFA caused a coordinated

Table 6. Final body mass and composition at sampling
(Controls) and preflight (Flown) and BMR and PMR of
yellow-rumped warblers (Setophaga coronata) fed the
different dietary oil blends

MUFA n–3 PUFA n–6 PUFA

Body mass, g 13.55 
 0.33 13.53 
 0.36 13.54 
 0.34
Fat mass, g 2.85 
 0.23 2.54 
 0.24 2.80 
 0.23
Lean mass, g 8.53 
 0.15 8.66 
 0.16 8.52 
 0.15
BMR, W 0.220 
 0.004 0.226 
 0.004 0.228 
 0.004
PMR, W 2.00 
 0.05 1.84 
 0.05 1.92 
 0.05
Aerobic Scope 9.00 
 0.31 8.31 
 0.32 8.29 
 0.30

Body composition values reported are means 
 SE. Basal metabolic rate
(BMR), peak metabolic rate (PMR), and aerobic scope are least squared
means 
 SE with body mass included as a covariate. MUFA, monounsaturated
fatty acids; PUFA, polyunsaturated fatty acids. Warblers per group: MUFA:
20; n–3 PUFA: 16; n–6 PUFA: 20, with the exception of PMR and aerobic
scope: MUFA: 15, n–6 PUFA: 12; n–3 PUFA: 12.
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decrease in oxidative capacity. However, dietary differences in
muscle metabolism were not reflected in flight performance
(energy cost, duration, relative protein contribution), and no
treatment effects were evident at the whole animal level.

A similar, but distinct, hypothesis suggests that PUFA
and/or 18:2 n–6 benefit migratory birds by increasing meta-
bolic flight efficiency, PMR, and aerobic scope (45, 48). Unlike
previous studies, we formulated experimental diets to manip-
ulate only the intake of the DHA and ARA to avoid potential
confusion in the interpretation of the effects of dietary fatty
acid composition on exercise and metabolism (23). As a result,
the proportion of 18:2 n–6 was similar among all diets. Other
dietary differences were present but fairly minor, such as lower
SFA in the MUFA diet and lower PUFA and 18:2 n–6 in the
n–3 PUFA compared with n–6 PUFA. We found no overall
beneficial effects of PUFA on muscle metabolic capacity or
flight performance compared with MUFA, although our data
cannot test for the effects of 18:2 n–6.

Effects of Dietary Fatty Acids and Flight on Tissue Fatty
Acid Composition

The effect of our dietary manipulations of primarily long-
chain PUFA was most apparent in the muscle phospholipids
rather than adipose. Birds fed the n–3 and n–6 PUFA diets had
the highest levels of long-chain PUFA in their muscles, which
reflected the long-chain PUFA present in their diets. Birds fed
the MUFA diet had the lowest proportion of long-chain PUFA
in phospholipids, with a mix of ARA and DHA, presumably
from elongation and desaturation of 18:2 n–6 and 18:3 n–3,
respectively (56). Many birds have high levels of long-chain
PUFA in their membranes, despite these fatty acids not being
present in their diets (4, 32). This suggests that adult songbirds
may be actively synthesize long-chain PUFA from precursor
fatty acids for incorporation into muscle membranes and do so
with any available precursor fatty acids. This also may indicate

significant elongase and desaturase activity, which should be
studied experimentally.

Differences among dietary treatments in the adipose fatty acid
composition of birds were much smaller compared with the
muscle phospholipids. Although significant differences were ob-
served in the long-chain PUFA, they contributed �1.5% of the
total fatty acids in adipose and as such would likely have only a
small influence on overall fuel composition. The proportion of
PUFA was lower than reported in other studies (39, 46, 48).
Excess essential fatty acids, such as ARA and DHA, may be
stored in the neutral lipids, including adipose (39). In our study,
long-chain PUFA were likely not consumed in great enough
quantities for this to occur at levels observed in other studies.
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Fig. 2. Effect of diet on relative protein contribution and
total energy used during endurance flight of yellow
rumped warblers (Setophaga coronata). Warblers were fed
diets enriched in monounsaturated (MUFA: black open
circles, n � 9), n–3 polyunsaturated (n–3 PUFA: gray
squares, n � 7), or n–6 polyunsaturated (n–6 PUFA: light
gray triangles, n � 8) acids. A: distribution of relative
protein contribution with flight duration. B: relative protein
contribution accounting for the effect of body mass and
flight duration (least square means 
 SE). C: distribution
of total energy used and flight duration. D: total energy
used accounting for flight duration and body mass (least
square means 
 SE).

Table 7. Flight performance metrics and body composition
changes for yellow-rumped warblers (Setophaga coronata)
fed the experimental diets for all flights or 360-min flights
only

MUFA n–3 PUFA n–6 PUFA

All Flights (n � 9) (n � 7) (n � 8)
Duration, min 241.9 
 70.7 304.4 
 78.1 301.2 
 75.3
Mass loss, g 1.06 
 0.06 1.13 
 0.06 1.05 
 0.06
Fat loss, g 0.67 
 0.03 0.61 
 0.04 0.58 
 0.03
Lean loss, g 0.34 
 0.06 0.44 
 0.07 0.39 
 0.07

360-min Flights (n � 5) (n � 5) (n � 5)
Mass loss, g 1.23 
 0.08 1.31 
 0.08 1.27 
 0.08
Fat loss, g 0.87 
 0.04 0.79 
 0.04 0.76 
 0.04
Lean loss, g 0.28 
 0.09 0.49 
 0.09 0.42 
 0.09
Energy used, kJ 36.1 
 1.6 34.1 
 1.6 32.5 
 1.7
Power, W 1.67 
 0.08 1.58 
 0.08 1.51 
 0.08
RPC, % 4.43 
 1.6 8.01 
 1.6 7.33 
 1.6

Duration is means 
 SE. All other values are least squared means 
 SE,
with body mass and flight duration included as covariates All Flights, and body
mass included as a covariate for the 360-min Flights. MUFA, monounsaturated
fatty acids; PUFA, polyunsaturated fatty acids; RPC, relative protein contri-
bution.
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Rather than being stored, ARA and DHA appeared to be prefer-
entially incorporated into more metabolically active tissues such
as the flight muscles. The greatest differences in fatty acid com-
position in the adipose were in the proportions of SFA and
MUFA. The MUFA diet group had higher proportions of MUFA
and lower proportions of SFA compared with birds fed PUFA
diets. However, this difference was small (�5%). As such, it is
unlikely that the fatty acid composition varied enough among
diets to result in large differences in mobilization from the adipose
during flight (49). Since the differences in the adipose fatty acid
composition among diets were much smaller than in the muscle
phospholipids, our study primarily tests the effects of phospho-
lipids, which is most relevant to the natural doping hypothesis.

Similar to the adipose and muscle phospholipids, the ex-
pected differences in the plasma fatty acid composition from
the dietary treatments were observed. Only a few fatty acids
changed during flight (16:1n–7, 18:1 n–9, and 18:2 n–6), and
these changes were only observed in the MUFA and n–3 PUFA
diet groups. In the MUFA diet group, MUFA increased and
SFA decreased in the plasma during flight, reflecting the major
fatty acid components of adipose tissue. In the n–3 PUFA
group, flown individuals had lower total MUFA during flight.
Because of the small plasma volumes available, we were not
able to measure fatty acid composition in the individual lipid
classes (NEFA and polar and neutral lipids). This would enable
a more direct examination of changes in plasma NEFA com-
position during flight for differential and preferential fatty acid
mobilization, which was not observed in the adipose tissue.

Effect of Diet on Whole Animal Performance

Body composition and metabolic rate. Overall, no significant
differences in body mass or composition were observed among
birds eating the experimental diets, suggesting that the chronic
increased intake of DHA and ARA, at the levels used in the
current study, does not cause overt systematic toxicity. This is
in contrast to Andersson et al. (2) who found that higher
plasma ARA concentration were negatively associated with
body condition in urban great tits (Parus major). BMR was not
affected by diet and was comparable with other measurements
of migratory yellow-rumped warblers (20, 57). PMR was also
not affected by diet. Both Pierce et al. (46) and Price and
Guglielmo (48) found that increased 18:2 n–6 intake increased
PMR. Our experimental diets contained similar proportions of
18:2 n–6 in each diet, which could explain why no difference
was found. Furthermore, Price and Guglielmo (48) attributed
the increase in PMR from high n–6 PUFA diet to changes in
fuel composition, which differed more in their study than in
our study.

Effect of individual variation and flight duration on flight
performance. Few studies have characterized how energy costs
and fuel mixture changes during flight (17, 20). The relative
protein contribution and flight cost decreased in warblers as
flight duration increased and was similar to previous studies
(17, 20). Flight duration did not influence the absolute amount
of lean mass catabolized, unlike fat catabolism, which was
tightly correlated with flight duration. Lean mass use during
flight does not linearly increase over time, and its use during
the initial stage of endurance flight is greater while the transi-
tion to fatty acid oxidation occurs (17).

The large number of 360-min flights (15 in total) obtained in
our study allows for exploration of individual variation in flight
performance traits. Flight fuel mixture was correlated to body
mass and composition, with heavier and fatter individuals having
an inferred lower relative protein contribution (see Supplemental
Fig. S2; https://figshare.com/articles/AJP_Supplemental_Materi-
als_pdf/7492781/1). This shift was driven by both an absolute
increase in fat catabolism and a decrease in lean mass catab-
olism. A similar relationship was described with resting and
active birds and mammals (30). This differs from other wind
tunnel studies. A wind tunnel study of red knots (Calidris
canutus) found that the relative protein contribution remained
constant with increasing energy costs (31). However, this
conclusion was based on body mass loss and plasma metabolite
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Fig. 3. Effect of diet and flight on peroxisome proliferator-activated receptor
(PPAR) mRNA expression in yellow-rumped warblers (Setophaga coronata).
A: effect of flight on PPAR-� and PPAR-� mRNA expression. B: effect of diet
on PPAR-� and PPAR-� expression. C: effect of diet and flight on PPAR-	
expression. Values are means 
 SE. *A significant effect of flight on a PPAR
isoform (A) and values that do not share a common letter differ within a PPAR
isoform (B and C) (P � 0.05). Warblers per group: n–3 long-chain polyun-
saturated fatty acid (PUFA): 7 Flown, 9 Control; n–6 PUFA: 8 Flown, 12
Control; MUFA: 9 Flown, 11 Control.
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profiles to determine fuel mixture and not direct measurements.
A recent wind tunnel study using yellow-rumped warblers
found that body mass or composition was not significantly
related to fuel mixture when examining flight of varying
durations that also influence fuel mixture (20). Our study
provides evidence that body mass and percent body fat alter
fuel mixture independently of flight duration, supporting the
hypothesis of Jenni and Jenni-Eiermann (30). The conse-
quences or benefits of this fuel shift are unclear. All birds had
a minimum of body fat of 16% at the start and 11% at the end
of the flight. It is unlikely that the increase in relative protein
contribution is related to insufficient fat stores (5–10% body
fat) during flight (54).

Effect of Diet on Flight Performance

Voluntary flight duration was similar among all diets, sug-
gesting that within a 360-min timeframe DHA and ARA do not
influence endurance capacity or fatigue. This 360-min (6 h)
duration is ecologically relevant for nocturnal migratory song-
birds as the maximum nightly flight duration is likely ~8 h in
the spring (14). The natural doping hypothesis focuses on
priming muscle for increased fatty acid oxidation needed for
flight, which could lower relative protein contribution. How-
ever, we found no difference in inferred fuel mixture among
birds fed the experimental diets, suggesting that an abundance
of long-chain n–3 PUFA is not critical for oxidizing fatty acids
at high rates during flight.

In some animal studies, dietary PUFA can influence exercise
performance, but others find no effect. For example in fish,
long-chain n–3 PUFA may increase (60), decrease (9, 41) or
not influence (52) exercise. Reduced fatigue resistance was
observed in rats fed long-chain n–3 PUFA (10, 27). Con-
versely, diets higher in n–6 PUFA are associated with in-
creased endurance capacity (3). Shei et al. (55) reviewed 13
human studies of the effects of DHA and EPA supplementation
on exercise capacity, and found no overall enhancements in
direct measures of athletic performance. Migratory birds may

be a special case in terms of exercise performance, where
endogenous upregulation of aerobic capacity during the migra-
tory period increases performance (21, 40, 63), reducing any
potential effect of diet.

0

2

4

6

8

MUFA n3 PUFA n6 PUFA

*

C
P

T 
ac

tiv
ity

 (U
/g

 w
et

 m
as

s)

0

100

200

300

400

MUFA n3 PUFA n6 PUFA

b
c

a

C
S

 a
ct

iv
ity

 (U
/g

 w
et

 m
as

s)

0

25

50

75

100

125

MUFA n3 PUFA n6 PUFA

a
b

ab

H
O

A
D

 a
ct

iv
ity

 (U
/g

 w
et

 m
as

s)

0

200

400

600

800

1000

MUFA n3 PUFA n6 PUFA

ab
a

b
LD

H
 a

ct
iv

ity
 (U

/g
 w

et
 m

as
s)

A B

C D

Fig. 4. Flight muscle enzyme activity of carnitine
palmitoyl transferase (CPT; A), 3-hydroxyacyl-CoA
dehydrogenase (HOAD; B), citrate synthase (CS; C),
and lactate dehydrogenase (LDH; D) of yellow-
rumped warblers (Setophaga coronata) fed diets en-
riched in monounsaturated (MUFA; n � 20), n–3
polyunsaturated (n–3 PUFA; n � 16), or n–6 poly-
unsaturated (n–6 PUFA; n � 20) fatty acids. Values
are means 
 SE. Values that do not a share a letter
differ (P � 0.05). *Significant difference between
MUFA and the n–3 and n–6 PUFA diets combined.

Fig. 5. Effect of flight (A) and diet (B) on heart type fatty acid binding protein
(H-FABP) mRNA expression of yellow rumped warblers (Setophaga coro-
nata). Warblers were fed diets enriched in monounsaturated (MUFA; n � 20),
n–3 polyunsaturated (n–3 PUFA; n � 16), or n–6 polyunsaturated (n–6
PUFA; n � 20) fatty acids and Flown (n � 24) or unflown Control (n � 32)
in a wind tunnel. #Significant trend (P � 0.1).
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Effects of Long-Chain PUFA on Muscle Metabolism

Generally, increasing n–3 long-chain PUFA increases PPAR
activation, resulting in increased expression of fatty acid me-
tabolism genes (19, 38). In our study the increase proportion of
DHA in the membranes would serve as significant ligand
source for muscle cells (6). This is beneficial for endurance
exercise, as increased oxidative capacity in muscle increases
fatigue resistance (10). On the other hand, there is evidence
that n–3 long-chain PUFA increases anaerobic metabolism in
skeletal muscles, rather than aerobic metabolism (28). PPAR-�
mRNA abundance was lower in the n–3 PUFA diet treatment.
This change was coordinated with overall lower oxidative
enzyme activities (CPT, HOAD, and CS), and higher LDH
activity. This is opposite to the predictions of the natural
doping hypothesis (42), and differs from another study finding
no effect of dietary PUFA on enzyme activity in songbirds
(48). Both Nagahuedi et al. (42) and Price and Guglielmo (48)
used similar manipulations, comparing n–3 long-chain PUFA
with 18:2 n–6. Differences between the results of these studies
and the current study hint at the potential of a species-specific
response.

Lower CPT activity in the PUFA diets could suggest lower
capacity to transfer fatty acids in the current study. Increasing
the proportion of n–3 long-chain PUFA in the membranes can
increase the activity of CPT (47). However, to observe this
effect CPT activity would need to be assessed with intact
membranes which our study’s assay does not do. Lower
assayed CPT activity in our study could support the natural
doping hypothesis’ premises of increasing n–3 long-chain
PUFA enhancing the activity of membrane bound proteins in
vivo (61).

Effect of Flight on Muscle Metabolism

PPAR-� mRNA abundance was not influenced by diet or
flight. In contrast, PPAR-� mRNA abundance increased during
flight, and the abundance was lower overall in the n–3 PUFA
group. One exercise bout can increase the gene expression of
PPAR-�, which then returns to baseline after recovery, while
PPAR-� gene expression is not altered by exercise (44).
These patterns suggest that while both PPARs show changes
in preparation for migration in birds (13) and exercise
training in humans (44), PPAR-� gene expression during
flight may play an important role in the transition to and
maintenance of fatty acid oxidation. PPAR-	 decreased in
mRNA abundance in birds fed the MUFA and n–3 PUFA diets.
The function of PPAR-	 in skeletal muscle is less understood
than the other PPAR, but a role in maintaining insulin sensi-
tivity, glucose homeostasis, and preventing lipid accumulation
in skeletal muscle has been identified (1). Decreased mRNA
abundance suggests that PPAR-	 mRNA abundance may be
less important for sustaining muscle function during flight. The
trend for increased H-FABP mRNA abundance during flight
suggests that maintaining or increasing H-FABP may be im-
portant for maintaining adequate fatty acid transport to the
mitochondria. Endurance flight did not alter metabolic enzyme
activities but increased gene expression for these enzymes, via
PPAR, may be needed to maintain their activity.

Correlations of Flight Performance with Metabolic Rate and
Muscle Metabolism

Understanding the relationship between flight performance
and muscle physiology and biochemistry is needed to grasp
how alterations at the muscle level may be reflected in whole
animal performance. The only significant factor affecting flight
cost was body mass or related factors (fat and lean mass, and
BMR). A positive correlation between flight power and BMR
is likely driven by body mass, as heavier birds have higher
BMR and higher flight costs. Two significant correlations were
identified for fuel mixture. First, the inferred relative protein
contribution was positively correlated to aerobic scope, but not
to PMR and BMR or respective RER. Because of the difficul-
ties in PMR measurements, the aerobic scope relationship was
limited to only seven individuals. Potentially, birds that have a
greater relative protein contribution during flight also have a
greater protein contribution while exercising in a flight wheel.
The exact contribution of protein, carbohydrates, and lipids to
the fuel mixture during the PMR measurements cannot be
determined from the RER measurements alone (~0.78). After 3
h of fasting, glucose supplies may be limited, and an increased
ability to use amino acids as fuel could boost PMR. The second
relationship was a negative correlation between relative protein
contribution and HOAD activity, an enzyme involved in fatty
acid �-oxidation. Lower dependence on fatty acids for fuel
may be reflected by lower HOAD activity in these individuals.

Given the few significant correlations with flight perfor-
mance, whether metabolic rate and metabolic enzymes are
predictors of performance in a wind tunnel or migration is
unclear. Similarly, Swanson et al. (58) found that muscle size
but not metabolic enzyme activity could predict thermogenic
capacity. The question of if and how modulating enzyme
activity influences flight performance remains, but the answer
is necessary to understanding how dietary fatty acids and other
factors may influence migration.

Do Long-Chain PUFA Improve Migratory Performance?

Overall, our study does not provide support for the natural
doping hypothesis, or for the benefits of PUFA on migratory
performance in birds. Another controlled study also found no
performance benefits of n–3 PUFA in migratory birds (48).
However, other factors could alter the effect of dietary PUFA
on muscle metabolism and performance and should be taken
into consideration when studying the effects of PUFA on
migration. The first is the possibility that migratory state
influences the potential effect of PUFA. During migration the
flight muscle has higher aerobic and fatty acid oxidative
capacity (21, 40), and the photoperiod appears to be a sufficient
cue for priming the flight muscle for migration (63). If the
migratory state already primes birds for migration, further
potential priming by fatty acids may be limited. Furthermore,
it is important to note that the differences in metabolic enzymes
between the diets in the current study are small (�15%)
compared with the �90% increase during migration (40, 63).
Additionally, the proportions of total PUFA increase during
migration in white-throated sparrows, but this occurs with
decreasing proportions of both n–3 and n–6 long-chain PUFA
(32). This suggests that long-chain PUFA do not necessarily
increase in the flight muscle membranes with increasing aero-
bic capacity.
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Second, muscle fiber type may also influence the response to
PUFA. Small birds, including many passerines and sandpipers,
have exclusively fast-oxidative glycolytic fibers in their flights
muscles and larger or more sedentary birds have additional
fibers types (15, 35). Increasing oxidative capacity from n–3
PUFA could be the result of the shifting of muscle fibers to a
more oxidative fiber type (25). If so, this may limit the scope
or magnitude of the effect of n–3 PUFA in smaller passerines
and sandpipers that already have highly oxidative muscle fibers
and explain why quail responded dramatically to n–3 PUFA
supplementation (42).

Third, there are large differences in the dietary intake and
ratio of n–3 and n–6 PUFA among migratory birds. Sandpipers
and other shorebirds may consume a diet high in n–3 long-
chain PUFA, compared with the generally high n–6 PUFA
diets of passerines (2, 11, 45, 61) including yellow-rumped
warblers but with exceptions such as the Clinclidae and Hi-
rundinidae families. Species may also differ in their tolerances.
The warbler’s health was seriously affected when provided
with the original n–3 PUFA diet, suggesting that there may be
a safe upper limit for n–3 long-chain PUFA or DHASCO for
warblers. The DHASCO inclusion level was originally chosen
to be an estimated size-adjusted match to the intake of DHA
used by Nagahuedi et al. (42) based on dose and body mass. It
is not possible to determine if the effect was a result of high
DHA intake or DHASCO itself. DHASCO is generally recog-
nized as safe and the highest doses tested in toxicity studies
find no observable adverse effects (24). Overall, the yellow-
rumped warblers are well suited to dietary manipulations and
wind tunnel studies; however, they likely do not naturally dope
using n–3 PUFA in the wild. Future work should incorporate
migratory species for which ecological or observational studies
have suggested a direct role for n–3 PUFA on flight perfor-
mance, such as sandpipers (37) and hummingbirds (29).

Finally, the inclusion of ARA did not appear to cause any
detrimental effects to yellow-rumped warblers. Andersson et
al. (2) proposed that because ARA is a precursor to proinflam-
matory prostaglandins (7), that increasing ARA could increase
inflammation in birds. The effect of n–3 and n–6 PUFA intake
and ratio on inflammation is still unclear, but the physiological
effect of PUFA is more complex than simple categorizations of
pro-inflammatory for ARA, and anti-inflammatory for EPA
and DHA, and there are multiple levels of regulation for
inflammation (7). We found no evidence for ARA negatively
impacting health or performance, and higher proportions of
ARA may not be a reliable indicator of poorer condition in
songbirds.

Perspectives and Significance

We directly tested the natural doping hypothesis using care-
fully formulated diets to examine the effect of long-chain
PUFA on animal physiology from the tissue to whole animal
level. No direct support for the natural doping hypothesis or for
any benefit or consequence of feeding diets low or high in n–3
or n–6 long-chain PUFA on endurance exercise performance
was observed. Alterations in the flight muscle suggest de-
creased aerobic and oxidative capacity in the flight muscle with
feeding of n–3 PUFA. However, since this was not associated
with any flight performance parameter (endurance capacity,
energy costs, and fuel mixture), conclusions about the direct

effects of small modulations in flight muscle metabolism on
exercise performance are limited. The potential effect of di-
etary PUFA on performance may be dependent on other factors
such as species and their migratory strategy, migratory condi-
tion, and trophic base of the diet. In particular, our findings for
a terrestrial songbird should be compared with experimental
manipulations of shorebirds that typically feed on marine
biofilm and invertebrates high in n–3 long-chain PUFA, which
may influence the way they metabolize and respond to these
fatty acids.
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