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ABSTRACT
Energy storage and use during the annual cycle of migratory birds is
dynamic especially during migration. However, considerable amounts of the
annual cycle are spent not migrating, and the physiological state of birds during
these non-migratory periods is not well understood. We compared plasma
metabolites (TRIG, BUTY, URIC, GLY) in Eared Grebes (Podiceps nigricollis)
residing at three important areas when they are not migrating: fall staging (postbreeding at Mono Lake, California), spring staging (pre-breeding at Great Salt
Lake, Utah), and an extended stopover prior to spring staging (Salton Sea,
California). Plasma metabolites were also measured in resting and active grebes
while staging at Great Salt Lake. As expected, grebes held overnight without food
had decreased plasma TRIG and URIC, but elevated plasma BUTY, compared to
active grebes. Grebes showed the greatest change in physiological state during
late-winter at Salton Sea, California when elevated plasma TRIG levels indicated
increased fat deposition. Body mass in Eared Grebes was positively correlated to
plasma TRIG and URIC at the two staging areas, but not the extended stopover
site. Differences in physiological state during non-migratory periods over the
annual cycle of Eared Grebes puts current plasma metabolite studies during
migration periods into context and provides an example of the importance of nonmigratory periods for acquisition of nutrient stores.

x

CHAPTER 1. GENERAL INTRODUCTION
Migratory birds employ a diverse range of strategies in their annual cycle
including both migratory and non-migratory periods. Species migrate for optimal
nutritional resources or climate. The character of the migration can vary
dramatically in both flight duration and nutritional storage. The Bar-tailed Godwit
(Limosa lapponica) flies 11,000 km from Alaska to New Zealand without
stopping, yet can have four staging areas each lasting approximately forty days
during the vernal migration back to breeding grounds (Gill et al. 2005). A
different migration strategy is used by Blackcaps (Sylvia atricapilla). Blackcaps
utilize multiple short term refueling stops that last only hours to a couple of days
to complete their annual cycle (Gannes 2002). Regardless of the migration
strategy used, birds must fuel their flight from nutritional stores acquired before
leaving on a non-stop migration or at stopover sites along a migration route. Nonmigratory periods can be energetically expensive consisting not only of building
up nutritional stores, but engaging in costly activities, including molting, and for
some species, long flights in search of food. In the case of waterbirds, these
activities may include swimming and diving as well as rapid molting of all flight
feathers simultaneously. The physiological condition of birds during nonmigratory periods is not well established because the majority of studies have
focused on the migratory periods that include quick refueling stops and periods
immediately following a migratory flight.
Plasma metabolite profiling is a method that has been used in many
studies to determine a bird’s physiological condition. These studies demonstrate
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that fat is the primary energy source used by migrants during migration
(Ramenofsky 1990); however few have focused on the physiological state during
non-migratory phases not related to reproduction, (an exception is Jenni-Eiermann
and Jenni 1996). The over-arching goal of this research is to understand a
waterbird’s nutritional state during its non-migratory periods.
Eared Grebes
Eared Grebes are migratory waterbirds primarily found in the
northwestern part of North America, but also in parts of Europe and Africa. They
spend most of their time in large flocks on hypersaline lakes and ponds (Cullen et
al. 1999). Though they migrate, they spend only two to three months of the year
flying. The other nine to ten months they are flightless, their flight muscles too
atrophied to fly. Instead they are active swimmers and foot-propelled divers
feeding on invertebrates such as brine shrimp (Artemia spp.), alkali flies (Ephydra
spp.), and pile worms (Neanthes succinea) (Jehl 1988; Caudell and Conover
2006; Anderson et al. 2007). Given their poor wing-loading and short tail
feathers, Eared Grebes are much better adapted to foot-propelled swimming and
diving than flight (Cullen et al. 1999; Jehl et al. 2003).
Annual Cycle and Body Composition
Over the course of a year, grebes migrate as much as 6,000 km broken into
four migrations. A southern migration follows the summer breeding period in the
northwestern United States and southwestern Canada; this migration takes the
grebes to fall staging areas where they molt their flight feathers and put on fat.
Although fall staging occurs in many places, the vast majority of grebes go to
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either Mono Lake in California or Great Salt Lake in Utah (Storer and Jehl 1985;
Jehl 1988). They spend as long as four months on these lakes during the fall
staging period, feeding until food resources are depleted. Fall staging is followed
by another southbound migration primarily to the Gulf of California for the winter
(Cullen et al. 1999; Ellis and Jehl 2003; Jehl et al. 2003; Jehl and Henry 2010). In
late winter and early spring, a vernal migration brings them back north to Great
Salt Lake, Utah. An unknown portion of those grebes stop at Salton Sea,
California for about a month before continuing on to Great Salt Lake (Cullen et al.
1999; Jehl and Henry 2010; San Francisco 2016). Spring staging occurs at Great
Salt Lake usually through May. The grebes molt into breeding plumage and go
through courtship before dispersing to their breeding grounds for the summer
(Cullen et al. 1999).
The morphology and body composition of Eared Grebes change
considerably over their annual cycle. Jehl (1997) described a volant body
composition in migratory grebes that differed considerably from their flightless
condition when on the water. The major shifts that occur involve fluctuations in
body mass, particularly due to changes in breast muscle and digestive organ size
and the laying on of fat. The migratory condition of grebes is characterized by
large pectoral muscles and a smaller gut with an adult body mass ranging from
250 – 450 g. In contrast, during periods of flightlessness (breeding, staging,
extended stopover and wintering) grebes can weigh as much as 735 g. Generally
their hearts are small with more muscular legs to support swimming, diving, and
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courtship displays on the water. Digestive viscera (stomach, intestine, liver, and
also kidney) hypertrophy following a pectoral muscle atrophy (Jehl 1988).
Flightless grebes during fall staging in Great Salt Lake or Mono Lake
reach their largest size in their annual cycle. Fall staging in particular may be
characterized into three phases, early, hypertrophic, and late as first described by
Bergen (2003). Essentially Eared Grebes arrive at fall staging areas low in mass
(250 - 300 g) and undergo breast muscle atrophy; these are the early birds. They
can be referred to as hypertrophic when they begin feeding so voraciously they
may become too fat to fly (> 450 g, according to Jehl and Henry 2010) if they had
large pectoral muscles. Late birds lose mass including fat before departing for the
winter (Jehl 1988, 1993). During this late phase of fall staging, the pectoral
muscles enlarge and the digestive organs begin to atrophy (Jehl et al. 2003);
departure mass probably cannot exceed 450 g in the volant condition (Jehl and
Henry 2010). The loss of about 150 g of lean mass and fat coupled with shrinking
of digestive organs is something not commonly seen in other species directly
prior to migration (Jehl 1997; Jehl et al. 2003).
Plumage also changes between migratory and flightless conditions. While
body molt occurs throughout the annual cycle, fight feathers only molt in the early
during fall staging. Adults in the summer breeding season are in breeding
plumage, red eyes, black and brown wings with gold brown feathers behind the
eyes that resemble ears (Storer and Jehl 1985).
The rapid changes in body composition just prior to a migration and
immediately following one suggests important changes in physiological state
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between the volant and nonvolant condition of these birds. How these inefficient
flyers (Jehl et al. 2003) manage to migrate each year must be correlated to
changes in their physiological state during or near the end of the non-migratory
periods. Nutritional stores have not been previously studied in Eared Grebes, but
they have been well documented in other migrants, like passerines and shorebirds
(McWilliams et al. 2004; Guglielmo et al. 2005)
Migration and Nutrition
It is generally accepted that migratory birds primarily use fats (lipids) to
fuel migration. Fatty acids from adipose tissue are transported from both
adipocytes and the liver through the circulatory system to muscles to sustain the
high intensity action of flight (McWilliams et al. 2004). Studies by Ramenofsky
(1990) as well as Jenni and Jenni-Eiermann (1998) demonstrate why fats and
particularly fatty acids are the fuels used by birds even though this is not the case
with mammals where carbohydrates are the primary source. Fatty acids, have on
average nine times more energy per gram than carbohydrates and proteins, and
also have a much lower water content (5% and 70% respectively; Ramenofsky
1990; Jenni and Jenni-Eiermann 1998). By using fatty acids, birds are able to
store more energy per unit of mass and get more energy in a small space than
other fuel types. This is especially crucial for flight when wing load plays a major
factor.
Proteins have also been shown to be used during migration, however not
nearly to the extent of fats. The amount of energy used in flight contributed by
protein varies from 5-15% (Jehl et al. 2003; McWilliams et al. 2004), and it is
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most heavily consumed in the first 20 min of flight before fatty acid pathways are
fully functioning (Gerson and Guglielmo 2013). Protein catabolism may act to
replace Krebs cycle enzymes during fat metabolism and to provide metabolic
water during flight (Jenni and Jenni-Eiermann 1998; Klaassen 1996; Klaassen et
al. 2000). Although birds begin migrations with up to 50% of their body mass as
fat stores, if those stores become depleted, proteins primarily from digestive
organs are used to supply additional fuel toward the end of migration (Piersma
and Jukema 1990; Ramenofsky 1990; Lindstrom and Piersma 1993; McWilliams
and Karasov 2001). Carbohydrates like glycogen are generally thought to be
relatively insignificant as a migratory fuel; however, they may be used in the
beginning stages of flight before fat metabolism begins (Schwilch et al. 1996;
Jenni-Eiermann et al. 2001; Gerson and Guglielmo 2013).
Studies conducted on fuel use during migrations and at refueling sites are
based mostly on long-distance passerines and shorebirds. Many of the species in
these studies, such as the Reed Warbler (Acrocephalus scirpaceus), stop at
refueling sites along their migration routes so they can replenish fuel stores before
moving on. It is important to distinguish between stopover sites and staging sites,
to understand different migration strategies. Stopover sites are used for short
periods lasting from a few hours to a few days whereas staging periods last
upwards of 50 or more days and involve the acquisition of larger nutritional stores
than at stopover sites (Warnock 2010). In addition, staging areas may serve other
purposes. Eared Grebes exemplify waterbird migrants using staging areas. Fall
staging at Mono Lake and Great Salt Lake allow them to complete a full flight
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feather molt in addition to building nutritional reserves. Spring staging at Great
Salt Lake provides a time for molting into breeding plumage, courting and pairing,
as well as building up reserves for their flight out to breeding areas and perhaps
even for egg production. However, Salton Sea is characterized as an extended
stopover. Grebes typically spend less than 50 days there, and use Salton Sea to
replenish nutritional stores before migrating north. Furthermore, they undergo a
body composition change away from the migrant condition upon landing and
regain the migrant body composition prior to departure (Jehl 1997). Although
grebes acquire fuel stores there just as they do at their staging areas as
demonstrated by their weight gain, they do not spend several weeks at Salton Sea
as they do at Mono Lake and Great Salt Lake (Jehl and Henry 2010). It is
presumed that some grebes migrate to Great Salt Lake in the spring without the
need to stop at Salton Sea (Cullen et al. 1999).
Eared Grebe Energetic Costs
Eared Grebes preparing for migration carry up to 46% of their mass as fat,
a higher percentage of fat than a staging bird of the same mass (J.R. Jehl and H.I.
Ellis, unpublished data). This would suggest grebes are storing migratory fuel
(fats) for their long flight.
As with other migratory species, flight is very energetically costly for
Eared Grebes. It may be almost two times as costly. The average cost of flight
for most migrants is around 11 times basal metabolic rate (BMR) (Goldstein
1990), but for Eared Grebes it has been estimated to be as high as 17.9 times
BMR based on body mass changes and using 95% fat and 5% protein as their
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energy source (Jehl et al. 2003). It is unknown to what extent fats, proteins, and
carbohydrates are consumed, stored, or used during various periods of their
annual cycle. Plasma metabolite analysis has become a chosen method for
studying the nutritional status of a wild bird from only a single capture and blood
sample. Capture and sampling of Eared Grebes during migration has proven to be
logistically very difficult due to night migration and sampling constraints. Nonmigratory Eared Grebes, though difficult to capture, are more accessible; and they
also demand appreciable energy during this time. Insight into nutritional store use
during non-migratory periods can highlight the importance of the non-migratory
phases for nutritional storage and physiological state throughout the annual cycle.
It can also suggest when fuels used in migration are stored. A study of plasma
metabolites in grebes during periods they are flightless may clarify whether these
metabolites are deposited, stored, and used in similar or different ways than in
migrating grebes. It will surely add new information to what we know about
energetics of non-migrating grebes (Ellis and Jehl 2003; Conover and Caudell
2009). Time-activity budgets have been described for Eared Grebes at Mono
Lake (Jehl 1988) and Salton Sea (San Francisco 2016). Based on behavioral
energy equivalents (Ellis 1994), San Francisco (2016) created an energy budget
for grebes at Salton Sea. She found the average daily energy budget for a
flightless grebe is about 2.5 times its basal metabolic rate (BMR). Considering
that Eared Grebes display the same activities (surface swimming, diving, preening,
resting/sleeping) for the majority of the year and only migrate two to three months,
it is reasonable that their physiological state during the non-migratory periods
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represents nutritional store use by Eared Grebes during the majority of their
annual cycle.
Plasma Metabolites
Measurement of key plasma metabolites in the blood has been the primary
method for determining a bird’s nutritional condition during migration. Plasma
metabolites are good indicators of a bird’s physiological state at the time of blood
sampling because certain metabolite concentrations increase or decrease in the
blood during metabolism (Jenni-Eiermann and Jenni 1994). There are five key
metabolites often used in migration energetic studies: triglycerides (TRIG),
glycerol (GLY), ß-hydroxybutyrate (BUTY), free fatty acids (FFA), and uric acid
(URIC). Each metabolite is an indicator of a specific metabolic process.
Triglycerides found in blood plasma are indicators of fat deposition. They
are the stored form of lipids that are made in the liver and then transported to
adipose tissue (Robinson 1970; Ramenofsky 1990). Elevated TRIG levels are
often associated with migrants at a stopover and refueling site along a migration
pathway when they are replenishing nutritional stores. TRIG is elevated during
body mass increase in migrants and is often used as an indicator of body condition
during migration (Jenni-Eiermann 1994; Jenni and Schwilch 2001; Williams et al.
2004; Landys et al. 2005).
TRIG in adipose tissue is broken down into glycerol and free fatty acids,
which are released into the blood to be used elsewhere as energy sources.
Elevated glycerol concentrations are thus indicators of fat breakdown. The
presence of FFA in plasma is analogous to fatty acid oxidation (Scow and
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Chernick 1970; Hurley et al. 1986; Elia et al. 1987). Multiple studies on
shorebirds and passerines strongly support elevated concentrations of GLY and
FFA during migration and just after landing at refueling sites (e.g., JenniEiermann and Jenni 1991; Landys et al. 2005; Acevado Seaman et al. 2006).
Beta-hydroxybutyrate is a ketone body that is associated with fasting and
fat breakdown. It is synthesized from free fatty acids and is thought to replace
some glucose requirements when glucose runs low (Robinson and Williamson
1980). It is correlated to a decrease in mass in migrants (Jenni-Eiermann and
Jenni 1994; Dietz et al. 2009).
Uric acid is an indicator of protein breakdown. These proteins can
originate as both dietary proteins and intrinsic muscle tissue (Robin et al. 1988;
Lindgård et al. 1992). Uric acid concentrations in migrants are similar between
passerines and shorebirds; however, uric acid increases with duration of flight to
cope with dehydration from lack of water-heavy carbohydrates suggesting protein
use as a necessary fuel (Jenni-Eiermann and Jenni 1991; Landys et al. 2005;
Gerson and Guglielmo 2013).
Measurement of plasma metabolites of Eared Grebes during active nonmigratory periods will not only elucidate the energy stores of grebes active in a
non-migratory condition, but support a comparative baseline for plasma
concentrations of migrants. These data will provide insight into how the use of
certain fuel substrates during migratory periods correlates to the energetically
demanding non-migratory phases.
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CHAPTER 2. PLASMA METABOLITES REVEAL CHANGES IN
PHYSIOLOGICAL STATE OF EARED GREBES (PODICEPS
NIGRICOLLIS) DURING THREE NON-MIGRATORY PERIODS
2.1 INTRODUCTION
The nutritional condition of migratory birds is dynamic and changes
considerably over the annual cycle. Birds acquire energy stores for migration
often at intense rates while they reside at refueling and stopover sites during
migration (Seaman et al. 2005; Acevado Seaman et al. 2006), but there are nonmigratory periods during the annual cycle such as breeding, staging, wintering,
and molting when birds are active and also may use or acquire energy stores
(Jenni-Eiermann and Jenni 1996; Done et al. 2011). Energy use during migration
has been well documented by measuring fluctuations in key plasma metabolites
that indicate a bird’s nutritional condition at the beginning and end of migrations
and at refueling stopover sites (e.g., Jenni-Eiermann and Jenni 1991, 1994;
Gannes 2001; Guglielmo et al. 2005; Lyons et al. 2008; Smith and McWilliams
2010). Fewer studies have used plasma metabolites to document changes in
nutritional condition of migratory birds during the non-migratory periods of the
annual cycle with most such studies focusing on the breeding (e.g., Giudici et al.
2010; Done et al. 2011) or molting periods (e.g., Jenni-Eiermann et al. 2002).
Generally, little is known about plasma metabolites in birds during non-migratory
periods outside the breeding season; still less is known about waterbirds during
this time. This study looks at plasma metabolites of Eared Grebes (Podiceps
nigricollis), a diving waterbird, in order to fill in that picture.
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Investigation of nutritional condition of waterbirds during the nonmigratory periods is important because they are actively foraging, swimming,
diving, and preening while they must also maintain adequate body stores of fat
and protein. Spatial differences in habitat quality or temporal differences in
strategy of fuel storage may be revealed by comparisons of physiological state
over space and time (Anteau and Afton 2009, 2011; Thomas and Swanson 2013).
Information on fuel use during these non-migratory periods also provides the
necessary context for a more complete understanding of avian fuel use throughout
the entire annual cycle. We used plasma metabolites to compare changes in the
physiological state of Eared Grebes during three different non-migratory periods:
(1) at a fall staging area (Mono Lake, California), (2) at a prolonged stopover
(Salton Sea, California), and (3) at a spring staging area (Great Salt Lake, Utah)
(Fig. 2.1). Staging areas in this context, as described by Warnock (2010), refer to
extended stays of at least 50 days in areas other than breeding and wintering sites
during which time there may be substantial changes in body composition and the
digestive system. Only some of the grebes flying to Great Salt Lake stop at Salton
Sea on their migration north. They typically stay at least 30 days (San Francisco
2016), and go through a similar body composition changes upon arrival and again
upon departure (Jehl 1997) as seen in grebes at Mono Lake and Great Salt Lake.
For these reasons, Salton Sea is best described as an extended stopover rather than
either a typical refueling or a traditional staging site. The body changes seen in
Eared Grebes as they switch from a migrant condition to a swimming existence
on the water are among the most dramatic and profound body composition
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changes reported for any migrating bird (Jehl 1997). One notable aspect of the
change from a migrant condition is the loss of flight. The flightlessness of grebes
is associated with pectoral atrophy (Gaunt et al. 1990, Jehl 1988, 1997, 2007)
exacerbated by excessive weight gain due to extreme hyperphagia associated with
hypertrophy of their digestive viscera (gizzard, intestine, liver) and kidneys, as
well as accumulation of fat stores (Jehl 1997). Once their food at a given staging
area becomes depleted, they stop or reduce feeding, undergo pectoral hypertrophy
accompanied by wing flapping, and lose weight, especially from reductions in
mass of the viscera (Jehl 1997, 2007; Jehl and Henry 2010). Although the pattern
of body mass changes is the same at Salton Sea, their departure is unrelated to
food depletion.
The annual phenology of movements of Eared Grebes involves spending
nine or more months a year on bodies of water throughout western North America,
punctuated by long, non-feeding migrations between such areas (Fig. 2.1). This
pattern, described by Cullen et al. (1999) and Jehl et al. (2003), is different from
that of many birds where breeding and wintering are separated by relatively rapid,
seasonal migrations between the main breeding and wintering areas. By contrast,
Eared Grebes leave breeding areas at the end of summer and go to fall staging
areas (primarily Mono Lake and Great Salt Lake, each of which may have a
million or more birds) to molt flight feathers and put on fat. However, they may
extend their stay until the superabundant invertebrate prey is eventually depleted
(Jehl 1997). Usually this happens in November to December each year, although
grebes have extended their stay at these fall staging areas until January (Jehl
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1988). Once they leave these areas in the fall, grebes travel primarily at night to
the Gulf of California and a few other locations where they spend the winter.
They leave the Gulf beginning in February and fly north, ultimately to Great Salt
Lake. An unknown and variable proportion of them stage at Salton Sea prior to
moving to Great Salt Lake (Jehl and McKernan 2002). Although some grebes are
in breeding plumage at Salton Sea, most of that incomplete molt (no replacement
of flight feathers) happens at Great Salt Lake, where courting and pair formation
occur. Eared Grebes are present at Great Salt Lake in April and May, after which
they disperse to breeding locations (Jehl et al. 1999). Because they do not feed
during migration (Cullen et al. 1999), Eared Grebes rely on nutrient stores
acquired during their staging and other non-migratory phases to fuel these
migratory flights.
The objectives of my study were to compare changes in the physiological
state of Eared Grebes, as indicated by four plasma metabolites; triglycerides
(TRIG), beta-hydroxybutyrate (BUTY), uric acid (URIC), and free glycerol
(GLY) during three non-migratory periods (fall staging at Mono Lake, a extended
stopover at Salton Sea on the vernal migration to Great Salt Lake, and spring
staging at Great Salt Lake). We then compared the physiological state of grebes
during these periods with those of other species during migratory periods. Each of
the four measured metabolites we studied indicates a bird’s physiological state at
that moment. Plasma triglycerides are elevated when birds deposit fat (Robinson
1970; Ramenofsky 1990); beta-hydroxybutyrate is elevated when birds are
catabolizing stored fat (Robinson and Williamson 1980); uric acid is produced
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during protein breakdown (Robin et al. 1988; Lindgård et al. 1992); and glycerol
indicates fat catabolism, but also is elevated with triglycerides during intense fat
deposition (Hurley et al. 1986; Cherel et al. 1988; Guglielmo et al. 2005).
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Figure 2.1. Generalized annual migration route of Eared Grebes in North America
indicating breeding distribution in grey, staging and study locations
(ML = Mono Lake, California; GSL = Great Salt Lake, Utah; and SS =
Salton Sea, California). Gulf of California (Gulf of CA) is the main
wintering location. Solid arrows represent fall/southward migration
route and dashed arrows represent spring/northward migration route.
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2.2 MATERIALS AND METHODS
2.2.1 Study Areas
Mono Lake, Salton Sea, and Great Salt Lake are all hypersaline, endorheic
lakes, with large invertebrate populations during the times Eared Grebes are
present. Mono Lake (38 ºN, 119 ºW) is a 180 km2 alkaline (pH = 9.8) lake on the
eastern edge of the Sierra Nevada Mountain range. It has an average depth of 17
m and a salinity of 88 ppt (Jellison and Melack 1993). The Salton Sea (33 ºN,
116 ºW), in the northern part of the Sonoran Desert, is the largest lake in
California covering 1,360 km2. Like Mono Lake it is alkaline (pH = 8.5). Its
salinity is higher than the ocean at 55 ppt with a maximum depth of 13 m (Jehl
and McKernan 2002). Great Salt Lake (41 ºN, 114 ºW) is the largest of the three
lakes (4,400 km2), but also the most shallow with an average depth of only 5 m
and, like the other lakes, is alkaline (pH = 10) and hypersaline with a salinity of
140 ppt (Lall and Mann 1995). Mono Lake and Great Salt Lake are at elevations
exceeding 1,000 m, but Salton Sea is below sea level. Mono Lake and Great Salt
Lake also have abundant brine shrimp (Artemia spp.) and alkali flies (Ephedra
spp.) when the grebes are present, while Salton Sea has large numbers of
introduced pile worms (Neanthes succinea) upon which the grebes feed.
2.2.2 Field Sampling and Blood Collection
Twenty-two fall staging birds were shot at Mono Lake during September
and October of 2011 and in October of 2012 and 2013. Eleven birds were shot at
Salton Sea in March of 2012, and eight at Great Salt Lake in May 2012. Nine
additional birds were captured alive using a drive-by netting technique developed
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by Caudell and Conover (2007). The net was 100 m long and 2 m deep in the
water when deployed by boat. Bird collection and sampling was done under U.S.
Fish and Wildlife, California Fish and Game, and Utah Department of Natural
Resources permits and complied with the Institutional Committee for the Care
and Use of Animals at the University of San Diego.
No more than 300 µL of blood was collected from live caught birds from
the brachial or femoral vein using a heparinized 25 gauge butterfly needle. Blood
was collected from shot birds using a heparinized 23 gauge needle. Body mass,
plumage, tarsal length, and bill length were measured in all birds. All blood
samples were collected ≤ 7 min after capture for live birds and usually more
quickly for shot birds.
A separate group of nine Eared Grebes were live-captured at Great Salt
Lake and placed in individual 5 gallon buckets lined with newspaper and covered
with a towel. They were held overnight between 12 and 16 h without food. Each
bird was weighed and bled in the morning and then released immediately back on
the lake. These grebes are referred to throughout this paper as “resting” birds.
2.2.3 Blood Processing
Blood was transferred from syringes into 300 µL lithium heparin gel
capillary collection tubes (RAM Scientific, Yonkers, New York) immediately
after blood draw, and stored on ice for up to 3 h. All blood samples were
centrifuged for 10 min at 10,000 rpm to separate plasma. Plasma was transferred
to 1.5 mL Eppendorf tubes on dry ice, and stored at -80 ºC until analysis.
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2.2.4 Plasma Metabolite Analysis
Plasma samples were assayed at the University of Rhode Island on a BioTek Powerwave X340 microplate spectrophotometer (Bio-Tek Instruments, Inc.,
Winooski, Vermont) similar to methods described by Guglielmo et al. 2005.
Samples were diluted three-fold with 0.9% NaCl. Uric acid, triglyceride, and
glycerol were measured sequentially by endpoint assay (Wako Diagnostics and
Sigma, St. Louis, Missouri). Beta-hydroxybutyrate was measured by kinetic assay
(R-Biopharm, Marshall, Michigan). All samples were run in duplicate unless the
coefficient of variation standards were not met, in which case an additional
replicate was run.
2.2.5 Statistical Analysis
We used a two-sample Welch’s t-test to compare plasma metabolites of
juvenile grebes (those that hatched that previous summer; n = 16) to adult grebes
(n = 27). We used a non-parametric independent two-sample location test (oneway randomization test with 9999 Monte Carlo re-samplings) for two
comparisons: (1) plasma metabolites between grebes that were sampled
immediately after expiration (n = 8) were compared with those live caught (n = 3)
and (2) resting birds (n = 9) were compared with those sampled during daily
activity (n = 11). Plasma metabolite data of active grebes were normally
distributed after log transformations and then compared among the three locations
using an ANOVA and Tukey’s post hoc test if ANOVA warranted further testing.
We used Pearson’s correlation tests for grebe mass and each metabolite. All
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analyses were done in R version 3.0.2. Following Hurlbert and Lombardi (2009,
but see also Altman 1991:168), we provide p-values for all our tests so that a
more complete evaluation of our interpretation of results is possible.

21

2.3 RESULTS
Live-caught and recently shot Eared Grebes showed no essential
differences in plasma TRIG (Z = -0.925, p = 0.412), URIC (Z = -1.51, p = 0.142),
BUTY (Z = -1.10, p = 0.282), and GLY (Z = -1.11, p = 0.303). Likewise, juvenile
and adult birds showed no differences in plasma TRIG (t42 = 1.225, p = 0.227),
URIC (t42 = -1.100, p = 0.278), BUTY (t42 = 0.305, p = 0.762), and GLY (t42 = 1.171, p = 0.865). Thus, we did not distinguish between samples from live-caught
and recently shot birds, or juveniles and adults for the remainder of the analyses.
Resting grebes held overnight and sampled at dawn had lower plasma
TRIG (Z = 2.075, p = 0.016) and URIC (Z = 2.149, p = 0.026), higher plasma
BUTY (Z = -1.762, p = 0.055), and similar plasma GLY (Z = 0.735, p = 0.597;
Fig. 2.2) compared to actively foraging grebes.
Plasma metabolites revealed several important differences among the
three areas used by grebes while living and foraging on the water. Plasma TRIG
was highest at Salton Sea, lowest at Mono Lake, and intermediate at Great Salt
Lake (Table 2.1). TRIG was the only metabolite to show a clear differentiation of
Salton Sea to both Mono Lake and Great Salt Lake (F2, 41 = 4.18, p = 0.022; Fig.
2.3), which was followed by a Tukey’s post hoc test showing no difference
between Mono Lake and Great Salt Lake (t2 = 0.22, p = 0.885). URIC followed
the same pattern as TRIG but the differences were small (F2, 41 = 2.30, p = 0.113).
BUTY and GLY were indistinguishable at all locations (F2, 41 = 0.39, p = 0.681;
F2, 41 = 0.06, p = 0.943, respectively).
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Body mass of Eared Grebes at Salton Sea (404.36 ± 23.63, 300 - 545 g)
tended to be higher than at Mono Lake (347.27 ± 19.46, 230 g - 540 g) and Great
Salt Lake (372.45 ± 39.99, 320 g - 435 g), although the substantial variation in
body mass at each location meant they were statistically indistinguishable (F2, 41 =
1.1, p = 0.346). Body mass of Eared Grebes was positively correlated with
plasma TRIG and URIC at both Mono Lake (RTRIG 20 = 0.70, p = <0.001; RURIC 20
= 0.71, p <0.001) and Great Salt Lake (RTRIG 9 = 0.64, p = 0.032; RURIC 9 = 0.70, p
= 0.017); however, no correlation was found for either metabolite in grebes at
Salton Sea (RTRIG 9 = -0.11, p = 0.740; RURIC 9 = -0.28, p = 0.402; Figs. 2.4 and
2.5). No correlations were detected at any area between body mass and either
BUTY (RML 20 = 0.03, p = 0.889; RGSL 9 = -0.24, p = 0.480; RSS 9 = -0.19, p =
0.585) or GLY (RML 20 = 0.22, p = 0.326; RGSL9 = 0.02, p = 0.956; RSS 9 = 0.28, p =
0.409).
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Figure 2.2. Mean (± SE) concentrations (mmol/L) of triglycerides (TRIG), betahydroxybutyrate (BUTY), uric acid (URIC) and glycerol (GLY) for
actively staging grebes and resting grebes both at Great Salt Lake
(GSL) held overnight. Actively staging grebes are represented by
solid black bars and resting grebes are represented by grey bars.
Differences between actively staging and resting grebes (p < 0.05) are
indicated by an asterisk above metabolite pairs.
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Table 2.1.

Eared Grebe plasma metabolite sample sizes (n), means (±SE), and
p-values of triglyceride (TRIG), uric acid (URIC), betahydroxybutyrate (BUTY), and glycerol (GLY) at Mono Lake, Great
Salt Lake, and Salton Sea.
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22
11
11

Mono Lake

Great Salt Lake

Salton Sea

p-value

n

Location

0.022

2.40 ± 0.43

1.49 ± 0.35

1.14 ± 0.14

0.113

1.08 ± 0.13

0.85 ± 0.14

0.73 ± 0.07

TRIG (mmol/L) URIC (mmol/L)

0.681

0.38 ± 0.05

0.44 ± 0.07

0.36 ± 0.04

BUTY (mmol/L)

0.943

0.52 ± 0.12

0.50 ± 0.13

0.52 ± 0.09

GLY (mmol/L)

Figure 2.3. Plasma metabolites measured at three non-migratory periods during
fall staging at Mono Lake (ML), late-winter staging at Salton Sea
(SS), and spring staging at Great Salt Lake (GSL). Differences
among sites for a given metabolite are denoted by different letters (A
and B, p = 0.022). Heavy lines within boxes are medians and the
boxes represent the interquartile range.
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Figure 2.4. Relationship between body mass and triglycerides for Eared Grebes
residing at three important sites used while foraging at staging
locations or an extended stopover.
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Figure 2.5. Relationship between body mass and uric acid for Eared Grebes
residing at three important sites used while foraging at staging
locations or an extended stopover.
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2.4 DISCUSSION
Plasma metabolites measured in Eared Grebes during two non-migratory
staging periods and a prolonged stopover suggest that the nutritional stores of
grebes, and especially their storage of fat, was spatially and temporally dynamic
across three commonly used staging and extended stopover areas: Mono Lake,
Salton Sea, and Great Salt Lake.
2.4.1 Resting and Active Grebes at Great Salt Lake
Comparing active and overnight resting grebes from Great Salt Lake,
plasma metabolite values suggested differences in nutritional state between the
two groups. Specifically, plasma TRIG in active Eared Grebes was more than
two times higher than in resting grebes while the opposite was found for plasma
BUTY probably because the resting birds were utilizing stored fat for energy.
TRIG, URIC and BUTY levels in resting grebes were comparable to those found
in other studies of fasting birds. Plasma metabolites in our resting grebes were
similar to those of Bar-tailed Godwits (Limosa lapponica) rested for 5 h, except
for TRIG levels, which were higher in the godwits (Table 2.1). Grebes in this
study were rested three times longer than the Bar-tailed Godwits providing more
time for TRIG to disappear from the blood. It is uncertain how much time it takes
for metabolites to return to resting baseline, however in homing pigeons it takes
30 min to begin showing a return to baseline (Schwilch et al. 1996). Resting
grebes had lower URIC levels in their plasma, indicating lower protein catabolism.
This suggests that resting grebes utilized fat stores before protein stores compared
with active grebes or that protein is used minimally while at rest.
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This preference for utilizing fat before protein stores has been documented
for non-avian species (Felig 1979) as well as for penguins. It was first described
in long-fasting penguins by Cherel and Le Maho (1988) who showed that starving
penguins only utilized protein in the last stage of starvation after fat was largely
depleted. The lack of elevated plasma URIC in the Great Salt Lake grebes
illustrates one difference between overnight fasting and long-term fasting.
However, the lack of an elevated URIC and the presence of an elevated BUTY in
overnight resting grebes does confirm the order of nutrient store use found by
Cherel and Le Maho (1988). These prior studies combined with the present study
indicating the order of nutritional stores used (fat stores used before protein
stores) for resting highlights the same order of nutritional stores used in migrating
birds.
2.4.2 Staging at Mono Lake and Great Salt Lake
Eared Grebes show certain ecological similarities at staging areas that are
reflected in some plasma metabolites. Fall and spring staging groups tend to be
somewhat synchronized, arriving at their lakes over a fairly short period and
departing together. They also show a relatively synchronized increase in mass
during their staging sojourns (Jehl 1988). During both fall staging at Mono Lake
and spring staging at Great Salt Lake, there was a correlation between TRIG and
body mass that was not apparent during an extended stopover. TRIG levels were
also similar in both locations. During fall staging at Mono Lake, grebes gain
weight and put on fat as long as their food remains (Jehl 1988, 2007). The
correlation between TRIG, an indicator of fat deposition, and body mass in grebes
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at Mono Lake and Great Salt Lake (Fig. 2.4) suggest that staging is an important
fat-storing period of the annual cycle. Large amounts of fat storing contributes
late in staging to obese grebes that are too big to fly and must actually lose both
mass and fat prior to departure once their food disappears (Jehl 1988, 1997; Jehl
et al. 2003). The positive relationship between TRIG and body mass found in
grebes at these staging locations may be related to heavier birds having more fat
and so higher circulating levels of TRIG (Smith 2007; Smith and McWilliams
2009), or heavier birds fattening at higher rates (Guglielmo et al. 2005; Cerasale
and Guglielmo 2006). Food abundance at Mono Lake may have decreased across
sampling years, as indicated by the reduction in TRIG levels in October 2012 and
2013 compared to 2011, and this may explain earlier departures (October) of
grebes from Mono Lake since 2012 (J.R. Jehl, pers. comm.; A. Yoshida, pers. obs.
2013; S. San Francisco and H.I. Ellis, pers. obs. 2014). The shift to an earlier
departure from Mono Lake is dramatic because fall staging birds typically leave
Mono Lake in very large flocks over a short time during late fall or early winter
(Jehl and Johansson 2002; Jehl and Henry 2010).
Grebes at Great Salt Lake in the spring are also synchronized, but not to
the same extent as they are in the fall there or at Mono Lake. In the spring, Great
Salt Lake (mid-April through June) is known to be where most grebes molt into
their breeding plumage, as well as court and establish mating pairs (Jehl 1988;
Cullen et al. 1999). At Great Salt Lake, grebes feed and accumulate fat stores just
as they do at Mono Lake, but fatty acid signatures suggest grebes at Great Salt
Lake may be less synchronized in their arrival and resumption of fattening than
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grebes at fall staging areas. Gafney (2009) found that the difference in diet, pile
worms and brine shrimp at Salton Sea and Great Salt Lake respectively, resulted
in different fatty acid signatures found in grebes caught at Great Salt Lake, which
supported the variation and timeline of grebes stopping at Salton Sea. This
variation was not hat grebes without the Salton Sea signature were not stopping at
Salton Sea, but instead supports the timeline that by May, the Salton Sea fatty
acid signature had already been metabolized out of the grebes’ system. The
relatively weak correlation of TRIG (r = 0.64, p = 0.032) with body mass at Great
Salt Lake in spring compared to Mono Lake in fall (r = 0.70, p = <0.001) suggest
synchronization of arrival and departure is not as tight as seen at Mono Lake.
Unlike TRIG, we detected no differences among sites in URIC indicating
protein breakdown does not shift heavily across non-migratory periods (Fig. 2.3).
Plasma URIC in Eared Grebes during staging at Mono Lake and Great Salt Lake
did not differ (F2, 41 = 2.30, p = 0.113, Fig. 2.3). These similarities suggest protein
breakdown does not drastically change during staging periods of the annual cycle.
Eared Grebes at Great Salt Lake in the spring were similar to those at Mono Lake
in the fall in that their plasma URIC, like TRIG, was positively correlated to body
mass, even though body mass range at Great Salt Lake was smaller than at Mono
Lake (Fig. 2.5). Increased plasma URIC during such feeding phases may in part
be due to breakdown of dietary protein to satisfy energy requirements such as
protein catabolism to build fat stores (Cherel and Le Maho 1988; Jenni-Eiermann
and Jenni 1991).
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Beta-hydroxybutyrate and glycerol levels in grebes residing at Mono Lake
were nearly identical to those in grebes at Great Salt Lake, although plasma
BUTY was more variable in grebes at Great Salt Lake (Fig. 2.3). Higher
variability in plasma BUTY at Great Salt Lake may be due to increased energy
allocation to courtship displays which may differ in extent between individuals
(Vehrencamp et al. 1989). It is possible that courtship displays of grebes, which
involve lifting themselves out of water can be energetically expensive although
this has not been measured. These metabolites increase in concentration with fat
catabolism and Eared Grebes, even when food availability was reduced, were
observed feeding to some extent during all sampling periods. Some studies on
passerines and shorebirds found a negative relationship between TRIG and betahydroxybutyrate at refueling sites (Guglielmo et al. 2002, 2005; Liu and Swanson
2014) suggesting those birds were either depositing fat or using it. No such
negative correlation was found in Eared Grebes during daylight activities at either
staging location, though it was found at Great Salt Lake when comparing active
and resting grebes.
Plasma glycerol in Eared Grebes residing at Great Salt Lake and Mono
Lake remained unchanged. The stability of glycerol (Table 2.1 and Fig. 2.3) of
these birds even when comparing resting and active grebes (see below) suggests
that glycerol is highly regulated in Eared Grebes. Though it is traditionally an
indicator of fat breakdown (Cherel et al. 1988), circulating glycerol may play an
additional role in fat metabolism resulting in a U-shaped relationship with TRIG
(Guglielmo 2005) in some studies (Landys et al. 2005; Acevado Seaman et al.

38

2006). No such relationship was found in this study, however. It would be
interesting to look at glycerol in a future study of Eared Grebes plasma
metabolites while migrating. In general, the overall nutritional state of grebes
during staging at Mono Lake and spring staging at Great Salt Lake primarily
involved fat storage with some protein breakdown.
2.4.3 Extended Stopover at Salton Sea
The highest TRIG values were found at Salton Sea. This indicates Eared
Grebes were fattening at a higher rate during this extended stopover location on
the vernal migration route than when they were at Mono Lake in the fall or Great
Salt Lake in the spring. Increased fat deposition is often found at migratory
stopover locations in other species where they refuel and rest for the next leg of
migration (Landys et al. 2004; Williams et al. 2007); however, Salton Sea is not a
traditional refueling stop. During the vernal migration, grebes arrive at the Salton
Sea from the Gulf of California wintering area over an extended period of time
suggesting that individuals are not yet tightly synchronized in their movements.
Their arrival and departure is often in multiple waves, unlike the situation at
Mono Lake and Great Salt Lake (Jehl and McKernan 2002). Waves of arriving
birds means that from late-February through mid to late-April, there are grebes in
various stages of fattening at Salton Sea. This is supported by the complete lack
of correlation between body mass and TRIG and URIC (Fig. 2.4, Fig. 2.5) as well
as the impressive range in plasma TRIG values in grebes at Salton Sea (Fig. 2.3).
Similarity of plasma URIC between grebes at Mono Lake and Great Salt Lake, as
well as the positive correlation between URIC and body mass supports arrival and
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departure synchrony at these sites. This correlation between plasma URIC and
body mass seen at the staging areas, but not at Salton Sea may occur because
Eared Grebes were arriving in waves at Salton Sea so that individuals sampled at
a given time varied in nutritional state. Even though grebes are at Salton Sea for a
shorter period of time than at Mono Lake and Great Salt Lake, they still go
through the same changes in body composition upon arrival and again before
departure and exhibit the same flightlessness while on the lake (Jehl 1997).
Beta-hydroxybutyrate and glycerol values at Salton Sea were very similar
to staging locations at Mono Lake and Great Salt Lake suggesting fat catabolism
throughout the non-migratory periods of the annual cycle remain relatively the
same and highly regulated.
It is clear from the elevation of TRIG and lack of body mass correlation
with either TRIG or URIC that Salton Sea is different from Eared Grebe staging
sites at Mono Lake and Great Salt Lake. This extended stopover serves as period
for grebes to build nutritional stores to successfully arrive at spring staging
locations to feed and prepare for the breeding season.
2.4.4 Comparisons to Other Species During Migratory Periods
Plasma metabolites in grebes at three areas during the non-migratory
period can be compared to plasma metabolites in other species of migratory birds
sampled during migration and breeding periods of the annual cycle. For example,
breeding Wood Thrushes (Hylocichla mustelina) had similar plasma metabolite
levels (Done et al. 2011) as active Eared Grebes (Table 2.2). Similarities in both
TRIG and BUTY suggest both fat deposition and catabolism during a non-
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migratory period do not heavily vary. This also reflects the lower expense of
activities (reproductive or not) during non-migratory periods and the lower
requirement for storing fat compared to migrants. For example, TRIG levels in
migrating and refueling birds were on average higher than active Eared Grebes at
Mono Lake and Great Salt Lake during the non-migration period (Table 2.2).
High TRIG values during migration have been found in passerines (JenniEiermann and Jenni 1991), which can come from free-fatty acids in the liver
being re-esterified into TRIG during flight (Havel 1987; Wolfe et al. 1990). Fat
deposition at refueling sites, especially in Bar-tailed Godwits, was higher than
TRIG levels at all three locations studied here for Eared Grebes, however, grebes
at Salton Sea had the closest TRIG values at about half of those for the godwits.
This further supports refueling sites’ primary role of rapid fat uptake and Salton
Sea’s role as an extended stopover for Eared Grebes. In comparison to TRIG
values at refueling stops in other studies, our study suggests fat deposition during
staging is not elevated to the extent found during refueling periods. Higher TRIG
at refueling stops underscores Salton Sea as more than simply a long refueling
stop even though TRIG levels at Salton Sea were highest among our three
locations.
In contrast, plasma URIC of Eared Grebes during the non-migratory
period was more similar to birds actively migrating or refueling. Values for
refueling Bar-tailed Godwits were exceptional (Table 2.2) likely because these
godwits were sampled immediately after a two-day flight (Landys et al. 2005)
follows the same general trend shown by TRIG: protein is used most heavily
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during refueling, but is also required for flight. It is found to be higher during the
first 20 min of flight, and it also increases with flight duration (Gerson and
Guglielmo 2013). These URIC level similarities suggest a relatively constant use
of protein in most activities. Migration strategy and diet could account for some
of the differences found in the godwits. It is possible that the godwits show an
elevated URIC level during migration because they had depleted their fat stores
from their exceptionally long flight duration.
A comparison of the plasma metabolites of Eared Grebes during the nonmigratory period to those of Wood Thrushes during the breeding season further
support the importance of the non-migratory period for nutrient acquisition.
Although these two species are in differences in size and taxonomic groups they
show similar TRIG and BUTY values (Table 2.2). Whether energy is needed for
swimming and foraging for the grebes or for reproductive effort seen in Wood
Thrushes, the nutrients acquired during that time is important for a successful
migration. Done et al. (2011) found the physiological effects from reproductive
effort during the breeding season can have an effect on the following fall
migration. Both the study on Wood Thrushes and this one on Eared Grebes
highlight the importance in understanding current plasma metabolites studies,
which focus primarily on the migratory period. A complete story of metabolite
use year round is essential for a comprehensive understanding of its separate parts.
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Table 2.2. Plasma triglycerides (TRIG), beta-hydroxybutyrate (BUTY), uric acid
(URIC) and glycerol (GLY) expressed as average mmol/L ± SE during
various periods of the annual cycle for various species or groups of
species of migratory birds. Resting and actively swimming Eared
Grebes during the non-migratory period are also shown. In the table,
the term “Migrants” refers to birds caught upon arrival at
refueling sites at the end of a migration leg, and “Refueling” refers to
birds caught hours to days into a stopover site.
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Period of
Annual Cycle

Groups or Species

# of
species

TRIG

BUTY

URIC

GLY

Source

Migration

Passerines

10

2.18 ± 0.24

1.84 ± 0.14

0.75 ± 0.08

0.77 ± 0.05

Jenni-Eiermann and
Jenni 1991, Gannes
2001

Migration

Western Sandpiper
(Calidris mauri)

1

2.03 ± 0.15

0.66 ± 0.13

-

0.29 ± 0.01

Guglielmo et al. 2002

Migration

Bar-tailed Godwit
(Limosa lapponica)

1

1.20 ± 0.20

0.71 ± 0.15

1.25 ± 0.22

0.85 ± 0.65

Landys et al. 2005

Refueling

Passerines

15

1.90 ± 0.19

1.38 ± 0.17a

0.61 ± 0.09b

0.77 ± 0.12c

Guglielmo et al. 2005,
Ogden et al. 2013,
Smith and
McWilliams 2010

Refueling

Shorebirds

4

2.06 ± 0.26

0.60 ± 0.12d

-

0.76 ± 0.03

Seaman et al. 2006,
Thomas and Swanson
2013

Refueling

Bar-tailed Godwit
(Limosa lapponica)

1

4.60 ± 0.28

0.15 ± 0.03

2.20 ± 0.20

0.55 ± 0.08

Landys et al. 2005

Extended stop
at Salton Sea
Eared Grebe

(Podiceps nigricollis)

1

2.40 ± 0.43

0.38 ± 0.05

1.08 ± 0.13

0.52 ± 0.12

Present Study

Non-migration:
swimming
Eared Grebe

(Podiceps nigricollis)

1

1.26 ± 0.22

0.39 ± 0.07

0.77 ± 0.13

0.51 ± 0.09

Present study

Non-migration:
breeding

Wood Thrush
(Hylocichla
mustelina)

1

1.05 ± 0.05

0.33 ± 0.01

-

0.36 ± 0.07

Done et al. 2011

Resting
overnight

Bar-tailed Godwit
(Limosa lapponica)

1

1.00 ± 0.01

0.70 ± 0.05

0.30 ± 0.03

0.30 ± 0.20

Landys et al. 2005

Resting
overnight

Eared Grebe
(Podiceps nigricollis)

1

0.59 ± 0.07

0.76 ± 0.16

0.44 ± 0.06

0.39 ± 0.04

Present study

a = 12 species
b = 8 species
c = 10 species
d = 3 species
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CHAPTER 3: SUMMARY
1. Eared Grebes are a migratory waterbird whose annual migration includes long
staging periods at Mono Lake and Great Salt Lake and an extended stopover
at Salton Sea. When they are not flying, they are foraging while swimming
and diving. While on the lakes, their bodies undergo rapid changes in body
composition with digestive viscera hypertrophying while they build up
nutritional stores and can more than double in weight. These changes include
breast muscle atrophy so extreme they become flightless. Such drastic
differences in body composition between a flying grebe and those at staging
and extended stopover areas suggest changes in how nutritional stores are
used during these times.
2. In this study I examined the nutritional state of Eared Grebes as defined by
their plasma metabolites (TRIG, BUTY, URIC and GLY) and inferred their
nutritional stores during two staging and one extended stopover period of their
annual cycle. A baseline was first established to provide a context for plasma
metabolites of active grebes by comparing active and completely resting nonmigratory Eared Grebes. I found that grebes at rest had higher BUTY (fat
breakdown), but lower TRIG (fat deposition) and URIC (protein breakdown)
than active grebes at the three study locations. There was no change in
glycerol between both groups of grebes.
3. When plasma metabolites were examined from grebes at Mono Lake, Great
Salt Lake, and Salton Sea, I found that TRIG most clearly defined nutritional
state between extended stopover (Salton Sea) and staging locations (Mono
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Lake and Great Salt Lake). Grebes at Salton Sea had the highest TRIG values
meaning they deposited fat at a higher rate, yet they had no correlation with
body mass despite having and overall higher body mass. This was unlike what
staging grebes at Mono Lake and Great Salt Lake showed where TRIG values
were lower, but had a positive correlation between TRIG and body mass.
Additionally, protein breakdown indicated by URIC was also highest at Salton
Sea and like TRIG, displayed no correlation to body mass. The differences
found at Salton Sea compared to the more similar locations of Mono Lake and
Great Salt Lake emphasize the importance of the extended stopover at Salton
Sea to build nutritional stores and fluctuation of nutritional state during nonmigratory periods.
4. Lastly, this study allowed a comparison of plasma metabolites between nonmigratory and migratory periods of flight and refueling stops. This
comparison helps provide us with a context with which we can better interpret
existing studies on nutritional state of migrating birds. Most notable is that
this study suggests the importance of the non-migratory periods for nutrient
storage and fat deposition throughout the annual cycle as shown by TRIG.
The focus here on a waterbird species contributes to the growing
understanding of changes in nutritional state of all migratory birds, and not on
passerines where much of the previous literature has focused.
5. A more comprehensive understanding of energy use and nutritional state in
Eared Grebes can be accomplished in future work by creating an annual
profile of fuel use. This would include plasma metabolite measurements
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during all periods of the Eared Grebes annuals cycle including the breeding
and wintering seasons for non-migratory periods. Lastly, metabolite
measurements during flight and when they sometimes land in smaller bodies
of water for the day, but do not feed would complete a profile of nutritional
use for a migratory waterbird.
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