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Abstract Specific fatty acids (FA) such as unsaturated
(UFA) and saturated (SFA) fatty acids contained in foods are
key factors in the nutritional ecology of birds. By means of a
field and experimental approach, we evaluated the effect of
diet on the activity of three esterases involved in FA hydrol-
ysis; carboxylesterase (CE: 4-NPA-CE and a-NA-CE) and
butyrylcholinesterase, in two South American passerines:
the omnivorous rufous-collared sparrow (Zonotrichia capen-
sis) and the granivorous common diuca-finch (Diuca diuca).
The activity of the three esterases was measured in the intes-
tines of freshly caught individuals over two distinct sea-
sons and also after a chronic intake of a UFA-rich or SFA-
rich diet in the laboratory. In turn, we assessed the feeding
responses of the birds choosing amongst diets contrasting in
the kind of specific FA (UFA- vs. SFA-treated diets). During
summer, field CE activities (4-NPA-CE and a-NA-CE) in
the small intestine were higher in the rufous-collared spar-
row (25.3 £ 3.3 and 81.4 & 10.8 umol min~! g tissue ™',
respectively) than in the common diuca-finch (10.0 & 3.0
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and 33.9 + 13.1 pumol min~! g tissue ™!, respectively). Two
hour feeding trial test indicated that both species exhibited
a clear preference for UFA-treated diets. On average, the
rufous-collared sparrow consumed 0.46 g 2 h™!' of UFA-
rich diets and 0.12 g 2 h~! of SFA-rich diets. In turn, the
consumption pattern of the common diuca-finch averaged
0.73 and 0.16 g 2 h~! for UFA-rich and SFA-rich diets,
respectively. After a month of dietary acclimation to UFA-
rich and SFA-rich diets, both species maintained body mass
irrespective of the dietary regime. Additionally, the intesti-
nal 4-NPA-CE activity exhibited by birds fed on a UFA-rich
or SFA-rich diet was higher in the rufous-collared sparrow
(39.0 + 5.3 and 44.2 4 7.3 umol min~" g tissue !, respec-
tively) than in the common diuca-finch (13.3 £+ 1.9 and
11.2 & 1.4 umol min~! g tissue ™!, respectively). Finally, the
intestinal a-NA-CE activity exhibited by the rufous-collared
sparrow was about two times higher when consuming an
UFA-rich diet. Our results suggest that the rufus-collared
sparrow exhibits a greater capacity for intestinal FA hydrol-
ysis, which would allow it to better deal with fats from dif-
ferent sources.

Keywords Birds - Butyrylcholinesterase -
Carboxylesterase - Fatty acids - Food habits

Introduction

Evolutionary changes in trophic niche are commonly accom-
panied by changes in digestive physiology (Klasing 1998).
Adaptive modulation hypothesis (Diamond 1993) predicts
that the activities of digestive enzymes must match the rel-
ative levels of its substrates in an animal’s diet, thereby no
excess energy is spent in underutilized enzymes (Kohl et al.
2011). Passerine species have a wide range of food habits,
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including granivores, insectivores, frugivores and omni-
vores (Ramirez-Otarola et al. 2011; Rios et al. 2012a, b;
Sabat et al. 2013). Therefore, what birds eat determines their
physiological, morphological and behavioural traits (Klas-
ing 1998). Several factors are involved in the shaping of food
habits of birds. Some studies report positive associations
between nutritional content of food and their proportion
eaten by birds (Schaefer et al. 2003; Valera et al. 2005; Rios
et al. 2012a). Consumption of specific nutrients by some pas-
serines is variable and may be influenced by season (McWil-
liams et al. 2004), physiological condition and ontogenetic
stage (Brzegk et al. 2010), as well as the nutritional context
(Schaefer et al. 2003; Rios and Mangione 2010; Maldonado
et al. 2012). For example, some wintering birds need to store
dietary lipids during periods of high energy demand (Bairlein
2002; McWilliams et al. 2004), while for other species, such
as the many-coloured chaco-finch (Saltatricula multicolour)
and the zebra finch (Taeniopygia guttata), the dietary starch
level is a key factor to properly maintain their nutritional bal-
ance (Brzgk et al. 2010; Rios et al. 2012a). Likewise, specific
fatty acids (FA) are key for energetic budget and fuelling of
migrants red-eyed vireos (Vireo olivaceous), white-throated
sparrows (Zonotrichia albicollis), yellow-rumped warblers
(Dendproica coronata) (McWilliams et al. 2002, 2004; Pierce
et al. 2004; Alan and McWilliams 2013) and garden warbler,
Sylvia borin (Bairlein 2002).

Birds with broad diet breadth ingest different relative
amounts of carbohydrates, proteins and lipids (Klasing
1998; Caviedes-Vidal et al. 2000; Kohl et al. 2011; Rios
et al. 2012a; Sabat et al. 2013). Protein and starch digestion
is simpler. These macronutrients are directly hydrolysed by
pancreatic and intestinal enzymes, and in the case of starch
by-products, may be mostly absorbed by passive (non-
mediated) mechanisms without additional energy expendi-
ture in some cases (Caviedes-Vidal et al. 2007). On the
other hand, the digestion of FA requires a process involv-
ing several biochemical steps including emulsification and
hydrolysis by lipases or esterases before being absorbed
from the distal half of the jejunum and, to a lesser extent,
in the ileum into enterocytes (Griminger 1986; Klasing
1998). Once inside enterocytes, FA are resterified into tri-
glycerides and—unlike mammals where resterified FA are
packaged into chylomicrons which enter the lymphatic sys-
tem—are packaged into portomicrons, which pass directly
into the avian hepatic portal blood supply (Denbow 2000).

The magnitude of the esterase activities appears to be
related to FA metabolism. For example, a chronic intake of
unsaturated fatty acids (UFA)-rich diets, such as omega-3
(linolenic acid) and omega-6 (linoleic acid) induced a rise
in intestinal esterase activity in rats (Van Lith et al. 1992).
A comparative study conducted on fifty-five species of
free-living birds belonging to eight orders revealed that
passerines with wider dietary diversity (i.e., mixed diets)
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had the highest hydrolytic activity of liver esterase amongst
all birds assessed (Bush et al. 1973). However, experimen-
tal studies on the functional link between diet and ester-
ase enzymes activity during specific FA intake are needed
in order to extend previous generalizations on the causal
mechanisms underlying passerine’s food habits.

Under certain environmental conditions (e.g., low tem-
perature, resource depletion), the quality of FA contained
in the seeds and fruits is of great nutritional value for birds
(Diaz 1996; Bairlein 2002; Rios et al. 2012a). Several seeds
and fruits are rich in UFA (Bewley and Black 1982; Stiles
1993; Bozinovic and Méndez 1997; Linder 2000; Karasov
and Martinez del Rio 2007), while insects contain fractions
of UFA and saturated fatty acid (SFA) at different propor-
tions depending on taxa (Bell 1990; Finke 2002). In most
vertebrates, preference for FA increases with the degree of
unsaturation and decreases with the chain length (Karasov
and Martinez del Rio 2007), a pattern that has been con-
firmed in studies performed on birds. An adequate intake of
UFA allows birds to optimize the flow of fat deposits and
facilitate lipid mobilization under conditions that requires
energy and assumes thermoregulation and flight costs
(McWilliams et al. 2004; Pierce et al. 2004; Bairlein 2002;
McCue et al. 2009; Alan and McWilliams 2013). Although
the causes underlying birds’ feeding patterns have not yet
been clarified, it has been suggested that the preference for
UFA over SFA may be due, at least in part, to physiological
constraints to digest large amounts of SFA (McWilliams
et al. 2002) as has been demonstrated for other nutrients.
For example, Kohl et al. (2011) have demonstrated that
the field activity of carbohydrases (maltase and sucrase)
is matched with the trophic niche in five North American
wild passerines. Ramirez-Otarola et al. (2011), using a
phylogenetically informed approach, analysed the specific
nutritional content of the diet and found that the percentage
of nitrogen in diet was negatively correlated with residual
maltase activity and positively correlated with the ratio
aminopeptidase-N/maltase in wild passerines from central
Chile. Currently, no studies have been performed on the
role of FA on the birds’ dietary preferences and their link
with digestive capabilities such as esterase activities.

The rufous-collared sparrow and common diuca-finch are
two of the most conspicuous passerines in the Mediterra-
nean environments of central Chile (Sabat et al. 1998). The
first is an omnivorous species, which includes seeds, insects
and fruits in its diet, while the second is a strictly granivo-
rous bird (Lopez-Calleja 1995; Sabat et al. 1998; Ramirez-
Otarola et al. 2011). As such, these two bird species offer
a suitable model for studying the role of specific FA in the
shaping of food habits of South American wild passerines
and their relationship with the bird’s esterase activities. We
hypothesized that (1) field esterase activity differs amongst
species within seasons, (2) all birds will choose UFA over
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SFA diets and (3) bird’s esterase activity modulation will be
closely related to the kind of substrate supplied; thus, spe-
cies with a broader diet will have a greater digestive capac-
ity to process dietary fats of varying quality.

Methods
Bird capture

Birds used in this study were captured at Quebrada de la
Plata (33°30’S, 70°54'W), central Chile. This study site
has a Mediterranean climate characterized by hot, dry
summers and cold, rainy winters (mean annual precipita-
tion = 367 mm, di Castri and Hajek 1976). All birds were
captured with Ecotone mist nets from December to Janu-
ary (austral summer) and from July to August (austral win-
ter) in 2012-2013. Data on diet breadth of the study spe-
cies were obtained from the literature (Lopez-calleja 1995;
Ramirez-Otarola et al. 2011). During the summer, eight
adult individuals of both rufous-collared sparrow and com-
mon diuca-finch were captured to compare field esterase
activity amongst species and seasons. In the winter, eight
adult individuals of rufous-collared sparrow, and seven of
common diuca-finch, were captured for the same purposes.
Birds for laboratory feeding trials (adult individuals of
rufous-collared sparrow: n = 11, and common diuca-finch:
n = 10) were captured in March (late austral summer and
early austral autumn) with mist nets at the same site. Feed-
ing trials were conducted in autumn as passerines build
energy reserves to prepare for cold temperatures, and their
diet composition may be associated with lipid-rich food
owing to its great energy density per unit of mass, which
is needed for fattening prior to the colder season or to
increase the chances of bird’s overnight survival in winter
(Diaz 1996; McWilliams et al. 2004; Khalilieh et al. 2012).
Thus, the finely tuned discriminatory abilities to detect
different specific nutrients by birds, under experimental
conditions, might be more assessable in autumn (Lepczyk
et al. 2000; Cueto et al. 2006; Rios and Mangione 2010;
Rios et al. 2012a).

Bird maintenance in the laboratory

After capture, birds assigned to perform feeding trials were
transported to the laboratory and housed in single cages
(30 x 30 x 40 cm), and kept under a constant tempera-
ture and light regime [25 °C 12 h:12 h (light:dark)]. Dur-
ing the first 3 days of a captivity acclimation period lasting
20 days, birds were provided with water and a commercial
seed mixture, equal parts of millet (Panicum miliaceum),
canary (Phalaris canariensis), rape (Brassica napus) and
hemp (Cannabis sativa) ad libitum. Two mealworm larvae

(Tenebrio molitor) per day were supplied to each rufous-
collared sparrow individual. After this three-day period,
birds were fed with the same commercial seed mixture
plus dry millet seeds ground into a homogeneous powder
with an electric mill (particle size <0.5 mm, DeLonghi mill
model 30, Italy) for the following 7-day period. In the last
10 days of the acclimation period, birds were fed only pow-
dered millet seeds. Once a week, the diet was supplemented
with vitamins (AEDK Holliday-Scott, #151, Argentina).
We used the same powdered millet seeds as a base food
to prepare treatment diets and the same individual birds to
perform both feeding trials (Experiment 1 and Experiment
2). Captures and experiments were conducted with permis-
sions issued by Servicio Agricola Ganadero, Government
of Chile (SAG: Scientific Research Permits #3935). The
experiments comply with the current laws of Chile in terms
of animal health and care.

Reagents and chemicals

Chemicals needed for esterase assays, i.e., a-naphthyl
acetate (a-NA), 4-nitrophenyl acetate (4-NPA), 4-nitro-
phenol, Fast Red ITR salt, 5,5'-dithiobis-2-nitrobenzoic
acid (DTNB) and butyrylthiocholine iodide (BuSCh) were
purchased from Sigma-Aldrich (Santiago, Chile). In order
to use ecologically realistic compounds to perform feed-
ing trials, all specific FA used for diet formulation in the
Experiment 1 were in the pure triacylglycerols form: i.e.,
pure trilinolein liquid (C 18:2), pure triolein liquid (C
18:1), pure tristearin powder (C 18:0) and pure tripalmitin
powder (C 16:0), all supplied by Sigma-Aldrich (Santiago,
Chile). The commercial corn oil (from Arcor Group, Argen-
tina) and coconut oil (from Drogueria Pacifico, Argentina)
used to prepare the UFA- and SFA-rich diets, respectively
(as required for Experiment 1 and Experiment 2), were pur-
chased from a local market.

Feeding trials in the laboratory

We performed feeding trials to assess the role of specific
FA on food preference for the rufous-collared sparrow and
the common diuca-finch (Experiment 1) and to determine
their digestive capabilities (measured as esterase activities)
to process dietary FA (Experiment 2). In both experiments,
we used powdered millet seeds as a base food to prepare
treatment diets. The nutritional content of millet seeds is as
follows: 13 % crude protein, 4.9 % total lipids, 4.2 % crude
fibre and 3.6 % ash; as shown in Lorenz and Hwang (1986).
All treatment diets used were isocaloric and allowed all
individuals from both species to feed. Any other synthetic
diets previously tested on these birds were rejected by
some individuals of both species. Treatment diets and water
were provided ad libitum.
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Experiment 1: Feeding trials for fatty acid preference

To test the feeding responses of birds on specific FA, we
used two-choice feeding trials as follows: after 3 h fast,
individuals of rufous-collared sparrow (n = 8) and com-
mon diuca-finch (n = 7) were exposed to the experimen-
tal arena, choosing between a specific UFA- and a spe-
cific SFA-treated diet. In addition, we tested the feeding
response to diets including oils that differed in their UFA
and SFA profiles: corn oil was used to formulate an UFA-
rich diet (FA content 42 % linoleic acid, 79 % total UFA
and 13 % total SFA as indicated on the commercial prod-
uct label), and coconut oil was used to formulate a SFA-
rich diet (FA content 2.1 % linoleic acid, 12 % total UFA
and 64 % total SFA, as indicated on the commercial prod-
uct label). Hence, five combinations of treated diets were
tested: (1) linoleic acid versus stearic acid (C 18:2 vs. C
18:0); (2) linoleic acid versus palmitic acid (C 18:2 vs. C
16:0); (3) oleic acid versus stearic acid (C 18:1 vs. C 18:0);
(4) oleic acid versus palmitic acid (C 18:1 vs. C 16:0) and
(5) corn oil diet versus coconut oil diet (UFA-rich diet vs.
SFA-rich diet). All pure specific FA tested in this experi-
ment were in the triacylglycerol form as mentioned before.
We chose these compounds because (1) they were pre-
viously tested in preference trials for birds (Pierce et al.
2004), (2) they are commonly found in wild seeds, fruits
and insects (Diaz 1996; Linder 2000; Pierce et al. 2004)
and (3) all of them are commercially available. Feeders
were randomly located in the cages to prevent associa-
tion of feeder site with type of treatment. The measured
response variable was the amount of food consumed from
both diets per individual. In order to use ecologically realis-
tic concentrations of specific FA in feeding trials that were
also detectable by birds, we used each pure UFA and SFA
at 5 % (% mass). Concentration of 5 % of UFA or SFA was
chosen because (1) this is the total lipid concentration in
Pappophorum spp. seeds, one of the most preferred grass
seed by both bird species (Cueto et al. 2006; Rios et al.
2012a) and (2) this is the total lipid concentration in Pani-
cum miliaceaum seeds (Lorenz and Hwang 1986), the base
food used to make treatment diets in our feeding trials. In
the case of corn and coconut oil diets, we use a concentra-
tion of 8 % following McCue et al. (2009) who tested the
chronic effect of dietary FA composition in the strict grani-
vore zebra finch. Given that corn and coconut oil diets were
used in both Experiment 1 and Experiment 2, we wanted to
assess them at the same concentration levels (8 %) between
experiments and between the two kinds of oils for compar-
ative purposes. To prepare each treatment diet, we weighed
known amounts of the specific FA and oils and diluted
them in absolute ethanol (EtOH) to facilitate the proper
mixture with the dry powdered millet seeds used as the
base food of the treatment diets. The EtOH was allowed to
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evaporate under a bell jar for 36 h at room temperature with
no exposure to light. Treatment diets were stored in her-
metic bags and kept at —25 °C until used. In the case of the
SFA-rich diet, the bottle containing coconut oil was previ-
ously heated in a water bath (60 °C) until it became liq-
uid, and diluted with EtOH to facilitate the proper mixture
with the dry powdered millet seeds. Pure tristearin powder
(C 18:0) and pure tripalmitin powder (C 16:0) were diluted
with EtOH and then carefully hand-shaken until totally dis-
solved. Then, the ethanol solution was added to the base
food as mentioned before. Because of the high proportion
of the powdered seed in relation to small quantity of spe-
cific FA or oils used, all final diets had the same consist-
ency, appearance and colour, so it was expected that the
major cue in the bird’s food preference would be their taste
detection capabilities instead of the visual aspect (Lepczyk
et al. 2000; Schaefer et al. 2003; Pierce et al. 2004).

Experiment 2: Digestive response to UFA-rich
versus SFA-rich diet in chronic exposure feeding trial

During a food acclimation period lasting 30 days, we fed ad
libitum with UFA-rich diet or SFA-rich diet the individuals
of rufous-collared sparrow (n = 6 and n = 5, respectively)
and common diuca-finch (n = 5 and n = 5, respectively).
At the end of this experiment, all birds were euthanized for
esterase activity determination.

Esterase activity measurement

Immediately after seasonal capture or after the end of
Experiment 2 (day 30 of whole trial, see below), birds were
killed by CO, asphyxiation. The small intestine was quickly
excised, flushed with ice-cold saline solution (0.9 % NaCl),
measured (0.1 cm) and weighed (0.001 g) before storing at
—80 °C. For biochemical assays, tissues were thawed and
the whole small intestine was homogenized in 20 volumes
of 0.9 % NaCl for 30 s at 24,000 rpm using an Ultra Turrax
T25 homogenizer (Janke and Kunkel, Breisgau, Germany).
The homogenates were centrifuged at 5,000 rpm for 10 min
at 4 °C, and the supernatant was finally frozen and stored
at —80 °C. Carboxylesterase (CE) activity was measured
on a Thermo Scientific Multiskan GO at 25 °C using the
substrates a-NA and 4-NPA. Hydrolysis of a-NA was
measured following the method described in Thompson
(1999). Briefly, the enzymatic activity was run for 10 min
in a reaction medium (200 pL, final volume) composed of
0.1 M Tris—HCI (pH 7.4), 20 mM a-NA and the sample.
The formation of a-naphthol was stopped by the addition
of 50 mg of Fast Red ITR 0.1 % in SDS 5 %/Triton X 100
5 %, and the absorbance of the naphthol-Fast Red ITR
complex was read at 530 nm after allowing the solution
to stand for 30 min at 22-23 °C in the dark. The specific
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activity was calculated using a molar extinction coefficient
of 14 x 10> M~! cm™! for the naphthol-Fast Red ITR com-
plex. Hydrolysis of 4-NPA by CE (4-NPA-CE) was deter-
mined as described by Chanda et al. (1997). The reaction
mixture (200 pL, final volume) contained 20 mM 4-NPA,
0.1 M Tris—HCI (pH 7.4) and the sample. Reaction was ini-
tiated by the addition of 10 pL of 20 mM 4-NPA. The reac-
tion was stopped after 10 min by the addition of 50 uL SDS
2 % in Tris 2 %. The liberated 4-nitrophenol was read at
405 nm and quantified by a calibration curve (5-100 uM).
The specific activity was calculated using a molar extinc-
tion coefficient of 8.0 x 10> M~! cm™!. Butyrylcholinest-
erase (BChE) activity was determined according to Whee-
lock et al. (2005) as adapted from Ellman et al. (1961).
The reaction medium (200 pL, final volume) was made
by 0.1 M Tris buffer (pH 8.0) containing 10 mM DTNB
and the sample. The reaction was initiated by addition of
60 mM BuSCh, and the product was monitored at 412 nm
for 8 min. Specific activity was calculated using a molar
absorption coefficient of 8.6 x 107> M~! cm™! (Eyer et al.
2003). Protein concentration in the small intestine tis-
sue was determined by the Bradford method (1976) using
bovine serum albumin as the standard.

Data analyses

To satisfy assumptions of parametric statistical tests, we
log-transformed data on enzymatic activities (Zar 1996),
since raw data did not fit normal distribution (Shapiro—
Wilks W test P < 0.05). Normality was assessed after
transformation. Pearson’s correlation was used to explore
relationships between enzymatic activities expressed as
tissue specific and by mg of protein; as these variables
were positively and significantly correlated, we only
reported the tissue-specific activity of these enzymes.
Esterase activities measured in birds from field and lab-
oratory acclimation were not associated with body mass
using least square regressions. Then, two-way ANOVA
was performed to detect (1) differences between birds
species and between seasons in the activity of three intes-
tinal esterases (4-NPA-CE, a-NA-CE and BChE) meas-
ured in fresh caught birds, (2) differences between birds
species and between diet treatment on both food intake
and esterases activities in Experiment 2 (chronic feed-
ing trial). Fisher’s least significant difference (LSD) tests
were used to make multiple comparisons in enzymatic
activities shown by the omnivorous and granivorous birds
in the field and Experiment 2. Log-transformed data of
food intake in the first feeding trial (Experiment 1), and
body mass and small intestine morphometry in Experi-
ment 2 did not fit normality. We then used Wilcoxon’s
matched-pairs test to compare the bird’s food intake of
each specific UFA versus SFA diets. The same test was

Table 1 Summary of two-way ANOVA used to detect interspecific
differences in field intestinal carboxylesterase activities (4-NPA-CE
and a-NA-CE) and butyrylcholinesterase activity (BChE) of both
birds species during two seasons

Variable F df P

4-NPA-CE (umol min~! g tissue™")

Species 14.174 1,27 <0.001

Season 22.255 1,27 <0.001

Species x season 1.763 1,27 0.195
a-NA-CE (umol min~"' g tissue™!)

Species 5.165 1,27 0.031

Season 7.036 1,27 0.013

Species x season 3.551 1,27 0.070
BChE (umol min~! g tissue™!)

Species 9.21 1,27 0.005

Season 0.00 1,27 0.955

Species x season 6.41 1,27 0.017

Significant results are shown in bold

used to compare body mass at the beginning and end of
Experiment 2 within each species fed on an UFA-rich or
SFA-rich diet. In Experiment 2, Mann—Whitney U test
was used to detect differences in small intestine morpho-
metry within each species fed on an UFA-rich or SFA-
rich diet. All values reported represent averages + SE.
All statistical analyses were performed using Statistica
version 6.0 (StatSoft 2001). For all statistical compari-
sons, a value of P < 0.05 was considered significant and
0.05 < P < 0.10 was taken to indicate a trend.

Results

Field esterases activities of birds during summer
and winter

Field CE activities (4-NPA-CE and a-NA-CE) in the small
intestine differed between bird species and seasons, while
BChE activity differed amongst species but not seasons
(see Table 1 for statistics). When field esterase activity
during summer was compared between species, the a pos-
teriori analysis revealed that the activity of 4-NPA-CE,
a-NA-CE and BChE was significantly greater in rufous-
collared sparrow than common diuca-finch (P = 0.001,
P =0.005, P = 0.0004, respectively; Fig. 1). The a-NA-CE
and BChE activities were similar between species in win-
ter (P = 0.789; P = 0.729, respectively; Fig. 1). The activ-
ity of carboxylesterase 4-NPA-CE was apparently higher
in rufous-collared sparrow than common diuca-finch,
although this difference was non-significant (P = 0.10;
Fig. 1).
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Fig. 1 Intestinal carboxylesterase activities (4-NPA-CE and a-NA-
CE) and butyrylcholinesterase activity (BChE), during summer and
winter season, in the omnivorous rufous-collared sparrow (summer:
n = § and winter: n = 8) and granivorous common diuca-finch (sum-
mer: n = § and winter: n = 7). Bars represent a mean =+ 1 standard
error. Asterisks indicate significant differences (Fisher LSD, P < 0.05)
between the omnivorous and granivorous within each season. Values
of 0.05 < P < 0.10 were taken to indicate a trend

Feeding trials

Experiment 1: Feeding trials for fatty acid preference
Rufous-collared sparrow consumed more UFA than SFA
diets (linoleic vs. stearic acid: z = 2.240, P = 0.025; lin-

oleic vs. palmitic acid: z = 1.960, P = 0.049; oleic vs.
palmitic acid: z = 2.100, P = 0.035) and showed a trend
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palmitic acid (C 18:2 vs. C 16:0); (3) oleic acid versus stearic acid
(C 18:1 vs. C 18:0); (4) oleic acid versus palmitic acid (C 18:1 vs.
C 16:0); and (5) corn oil versus coconut oil diet (i.e., UFA-rich diet
vs. SFA-rich diet). Asterisks indicate significant differences between
treatment diets intake within each bird species (*P < 0.05). Values of
0.05 < P < 0.10 were taken to indicate a trend

to consume more oleic than stearic acid diet (z = 1.680,
P = 0.090) (Fig. 2a). Common diuca-finch consumed
more of all UFA than SFA diets (linoleic vs. stearic acid:
7=2.366, P = 0.017; linoleic vs. palmitic acid: z = 2.028,
P = 0.04; oleic vs. stearic acid: z = 2.366, P = 0.017; oleic
vs. palmitic acid: z = 2.197, P = 0.027) (Fig. 2b). Finally,
when the birds were able to choose between corn oil ver-
sus coconut oil diets, rufous-collared sparrow and com-
mon diuca-finch both consumed more of the corn oil diet
(z =2.197, P = 0.027 and z = 2.520, P = 0.011, respec-
tively) (Fig. 2a, b).
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Table 2 Summary of two-way ANOVA used to detect interspecific
differences in intestinal carboxylesterase activities (4-NPA-CE and
a-NA-CE) and butyrylcholinesterase activity (BChE) of both birds
species in chronic exposure feeding trial

Variable F df P

Food intake (g day™})

Species 0.729 1,17 0.406

Treatment 3.772 1,17 0.070

Species x treatment 1.194 1,17 0.291
4-NPA-CE (umol min~! g tissue™")

Species 53.89 1,17 <0.001

Treatment 0.04 1,17 0.842

Species x treatment 0.48 1,17 0.499
a-NA-CE (umol min~! g tissue™")

Species 4.801 1,17 0.042

Treatment 0.920 1,17 0.350

Species x treatment 1.046 1,17 0.320
BChE (umol min~! g tissue™")

Species 4.240 1,17 0.055

Treatment 0.066 1,17 0.799

Species x treatment 0.146 1,17 0.707

Significant results are shown in bold

Experiment 2: Digestive response to an UFA-rich and a
SFA-rich diet in chronic exposure feeding trial

Food intake by birds did not differ significantly amongst
species and diet treatments (Table 2). Rufous-collared
sparrow had higher intestinal 4-NPA-CE activity than the
common diuca-finch when it consumed both UFA-rich and
SFA-rich diets (Table 2; Fig. 3). There was a difference
in the activity of the intestinal a-NA-CE between species
(Table 2), and this difference was due to a higher activity of
intestinal a-NA-CE exhibited by the rufous-collared spar-
row in consuming the UFA-rich diet (P = 0.039; Fig. 3).
Instead, intestinal BChE activity did not differ between
species or diet treatments (Table 2). There were no signifi-
cant differences in bird body mass between the beginning

and end of the experiment within each species fed on UFA-
rich or SFA-rich diets (Table 3).

Discussion

The established body of knowledge has demonstrated that
a broad diet breadth exposes omnivorous birds to a wide
range of foods with different nutritional quality, and they
appear to be better able to process a high diversity of sub-
strates (Caviedes-Vidal et al. 2007; Kohl et al. 2011; Mal-
donado et al. 2012; Sabat et al. 2013). At present, this
contrast between omnivorous and strictly granivorous pas-
serines has been tested in field, and laboratory experiments
where protease (aminopeptidase-N, trypsin, chymotrypsin
and alanine aminotransferase) and carbohydrase (amylase,
maltase and sucrase) activities were measured (Martinez
del Rio 1990; Sabat et al. 1998; Brzek et al. 2009, 2010;
Kohl et al. 2011; Ramirez-Otarola et al. 2011). However,
to our knowledge, no study has been made to investigate a
link between a bird’s FA intake and the enzymes involved
in their digestion (i.e., esterases).

In Experiment 1, we tested feeding preferences of an
omnivorous bird (rufous-collared sparrow, which con-
sumes seeds, insects and fruits) and a strictly granivo-
rous bird, the common diuca-finch (which only consumes
seeds), against UFA- versus SFA-treated diets. Our results
indicate that regardless of food habits, birds of both spe-
cies clearly discriminated between specific UFA- and
SFA-treated diets. In all cases, birds preferred diets with
mostly unsaturated, esterified fatty acids (18:1 or 18:2) to
a diet with mostly saturated, esterified fatty acids (18:0 or
16:0). Birds responded to diet types within the 2 h feeding
trial, suggesting the birds have fine-tuned discrimination
abilities and used cues with relatively rapid response times
(e.g., taste) when making their choices. This strong feeding
pattern is consistent with several studies performed with
other Northern Hemisphere songbirds. For example, as
with the two South American songbirds used in this study,
garden warblers (Sylvia borin), wood thrushes (Hylocichla

Table 3 Means £ SE of body mass (g), small intestine mass (g) and length (cm) from birds fed on UFA-rich or SFA-rich diet

Variable Rufous-collared sparrow

Common diuca-finch

UFA-rich diet

SFA-rich diet

UFA-rich diet SFA-rich diet

Body mass (initial) 18.76 £ 0.52 19.68 £ 0.60 3097 £ 1.67 31.20+0.93
Body mass (final) 18.98 £ 0.60 19.01 £ 0.68 29.40 + 1.62 30.10 £ 0.86
Small intestine morphometry*
Mass 0.70 = 0.04 0.76 = 0.04 0.99 £0.11 0.92 +£0.08
Length 14.0 &+ 0.50 13.3+£0.53 168 £ 1.5 15.56 £0.41

# Values were calculated from an average after 30 days on UFA-rich or SFA-rich diet. Non-significant differences were detected (P < 0.05)
within each species fed on UFA-rich or SFA-rich diet, as determined by Mann—Whitney U test
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mustelina), American robins (Turdus migratorius), yellow-
rumped warblers (Dendroica coronata) and red-eyed vireos
(Vireo olivaceous) preferred diets with mostly 18-carbon
unsaturated fatty acids over the diets with mostly 18-car-
bon saturated fatty acid (Bairlein 1991; Zurovchak 1997;
McWilliams et al. 2002; Pierce et al. 2004). In addition,
Alan and McWilliams (2013) reported recently that omniv-
orous white-throated sparrows (Zonotrichia albicollis)
experimentally consumed relatively equal amounts of high
and low UFA diets. Also, these authors found that despite
antioxidant (a-tocopherol) supplementation, birds did not
follow the expected feeding preference for the high versus
low UFA diets (Alan and McWilliams 2013). This evidence
suggests that the qualitative compositions of specific FA in
a diet formulation could be more important than the quanti-
tative properties. These dietary preferences for UFA, exhib-
ited by many passerines, are consistent with the hypothesis
that digestive constraints, in part, determine dietary prefer-
ences. One plausible explanation proposed by McWilliams
et al. (2002) is that just as the inability to digest sucrose
influences sugar preferences in some passerine birds
(Martinez del Rio 1990), a low capacity to assimilate SFA
influences birds’ FA preferences (sensu McWilliams et al.
2002).

Digestive capabilities to process a UFA-rich or a SFA-rich
diet may be related to bird’s food habits

The field CE activity shown by the omnivorous rufous-
collared sparrow become two times greater than that of the
common diuca-finch in the summer season; although dur-
ing winter, we did not find a similar pattern (Fig. 1). The
latter could be explained, at least in part, because wintering
common diuca-finch includes a high proportion of seeds
from different plant families: mostly Poaceae (34 %) and
Cactaceae (35 %) followed by Asteraceae (25 %). In con-
trast, in summer this species becomes more specialized,
consuming more than 91 % of Erodium cicutarum (Gerani-
aceae) seeds (Lopez-Calleja 1995). In this sense, the com-
mon diuca-finch not only increases the diversity of seeds
eaten, but likely also increases the diversity of FA con-
sumed in winter. This phenomenon could explain, in part,
the rise in the three esterases activity found in this species
during winter (Fig. 1). The relationship between broad diets
and a greater esterase activity, in the field results of this
study, is in agreement with results reported by Bush et al.
(1973). These authors found that those passerines with
more diverse diets showed the highest activity of hepatic
esterases amongst all species tested.

In the laboratory experiments, the chronic exposure
feeding trial showed that 4-NPA-CE activity for rufous-
collared sparrow was close to four times higher than for
common diuca-finch after 1 month of consuming either
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Fig. 3 Intestinal carboxylesterase activities (4-NPA-CE and a-NA-
CE) and butyrylcholinesterase activity (BChE) after chronic intake
of a diet with 8 % of corn oil (UFA-rich diet) by the omnivorous
rufous-collared sparrow (n = 5) and granivorous common diuca-finch
(n = 5) and after chronic intake of a diet with 8 % of coconut oil
(SFA-rich diet, rufous-collared sparrow: n = 6 and common diuca-
finch: n = 5). Bars represent a mean £ 1 standard error. Asterisks
indicate significant differences (Fisher LSD, P < 0.05) between spe-
cies within each treatment

an UFA-rich or a SFA-rich diet (Fig. 3). In turn, a-NA-
CE activity was two times higher in rufous-collared spar-
rows but only after consuming an UFA-rich diet (Fig. 3).
Although there was no difference in BChE activity between
species or diet treatments, rufous-collared sparrows showed
a trend towards higher BChE activity than the common
diuca-finch (Table 1; Fig. 3). Biochemical processes other
than hydrolysis by lipases or esterases could also limit
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efficient FA utilization (Hargreaves et al. 1991; McClel-
land 2004). For instance, protein-mediated transport of FA
from the circulation to oxidation sites in the mitochondria
and activities of key metabolic enzymes have shown to be
increased when birds deal with higher energy demands, for
example, during migrations or overnight in winter (Gug-
lielmo et al. 2002; McFarlan et al. 2009). Although further
studies including those parameters could be useful to evalu-
ate differences in the capacity to assimilate FA in our stud-
ied species, by integrating field and laboratory approaches,
we suggest that the rufous-collared sparrow has an appar-
ently higher hydrolytic capacity—in comparison to the
common diuca-finch—when processing fats.

Fatty acid preferences, digestive capabilities and the
implications for the feeding ecology of austral songbirds

Why do the birds eat what they eat? The understanding
of patterns of food selection by birds in their natural hab-
itats is a challenging task. Despite more than 40 years of
research conducted on this topic, little is known about the
essential nutrient requirements of wild birds and their influ-
ence on selective feeding. From previous studies, we could
assume that a major factor influencing the feeding behav-
iour of omnivorous rufous-collared sparrow is the relative
abundance of food in the field (Lopez-Calleja 1995; Sabat
et al. 1998; Marone et al. 2008; Rios et al. 2012a). These
findings seem to emphasize that extrinsic ecological fac-
tors are more important than the food chemistry to explain
their feeding behaviour patterns (Marone et al. 2008).
However, the high digestive plasticity exhibited by rufous-
collared sparrow in many environmental conditions (e.g.,
seasonal variation in the quality of food, presence of sec-
ondary compounds in the diet, temperature changes along
longitudinal gradients, amongst others; Sabat et al. 1998;
Rios et al. 2012b; Maldonado et al. 2012) demonstrates
the importance of the physiological mechanisms that help
to explain their food habits. Recently, McCue et al. (2011)
found that the nutritional status of zebra finches affects the
metabolism of exogenous nutrients. The authors found that
adult birds recovering from nutritional stress had much
lower rates of exogenous nutrient oxidation than fed birds,
and this difference was particularly evident for FA (McCue
et al. 2011). Furthermore, the authors stated that amongst
the mechanisms underlying differential exogenous FA
use by adult zebra finches (fasted vs. regularly fed birds),
enzyme down-regulation may significantly contribute. In
our field study, we found that within the species we con-
sidered, the activity of CE (both 4-NPA-CE and a-NA-
CE) was lower in summer than in winter (Table 1; Fig. 1).
As mentioned before, central Chile has a Mediterranean
climate characterized by hot, dry summers, which coin-
cides with food availability depletion (Sabat et al. 1998;

Maldonado unpublished data). Consistent with McCue
et al. (2011), due to their remarkable digestive flexibility,
small passerines may reduce energetic requirements when
food is limited, and the low intestinal CE activity shown
by our two species during summer could be a reflection of
such environmental adaptation.

In the present study, we determined that regardless of a
bird’s food habits, both species clearly prefer UFA- to SFA-
treated diets. Thus, if high diversity FA is more easily found
in mixed diets, behavioural preferences for UFA might help
wild birds to better satisfy their requirements for essential
nutrients. But what seems worth noting is the fact that it is
unknown whether these behavioural preferences for specific
fatty acids change seasonally with different energy demands
(e.g., breeding) at a species-specific level. These are hypoth-
eses that deserve experimental testing in wild austral pas-
serine birds. The adjustment observed in the rufous-collared
sparrow in the modulation of digestive enzymes involved
in fat digestion, coupled with carbohydrases and proteases
adjustments determined in previous studies, is a physiologi-
cal trait that may explain their greater diet breadth.
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