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ABSTRACT. Predator populations are vulnerable to changes in prey distribution or availability. With warming temperatures,
lake ecosystems in the Arctic are predicted to change in terms of hydrologic flow, water levels, and connectivity with other
lakes. We surveyed lakes in northern Alaska to understand how shifts in the distribution or availability of fish may affect
the occupancy and breeding success of Pacific (Gavia pacifica) and Yellow-billed Loons (G. adamsii). We then modeled
the influence of the presence and abundance of five fish species and the physical characteristics of lakes (e.g., hydrologic
connectivity) on loon lake occupancy and chick production. The presence of Alaska blackfish (Dallia pectoralis) had a positive
influence on Pacific Loon occupancy and chick production, which suggests that small-bodied fish species provide important
prey for loon chicks. No characteristics of fish species abundance affected Yellow-billed Loon lake occupancy. Instead, Yellow-
billed Loon occupancy was influenced by the physical characteristics of lakes that contribute to persistent fish populations,
such as the size of the lake and the proportion of the lake that remained unfrozen over winter. Neither of these variables,
however, influenced chick production. The probability of an unoccupied territory becoming occupied in a subsequent year
by Yellow-billed Loons was low, and no loon chicks were successfully raised in territories that were previously unoccupied.
In contrast, unoccupied territories had a much higher probability of becoming occupied by Pacific Loons, which suggests
that Yellow-billed Loons have strict habitat requirements and suitable breeding lakes may be limited. Territories that were
occupied had high probabilities of remaining occupied for both loon species.
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RESUME. Les populations de prédateurs sont vulnérables aux changements de répartition ou de disponibilité des proies. En
raison du réchauffement des températures, on prévoit que les écosystemes lacustres de ’Arctique changeront pour ce qui est
du régime hydrologique, des niveaux d’eau et de la connectivité avec d’autres lacs. Nous avons examiné des lacs du nord de
I’Alaska pour comprendre comment les changements en matiére de répartition ou de disponibilité des poissons peuvent avoir
des incidences sur le taux d’occupation et sur le succes de reproduction du huart du Pacifique (Gavia pacifica) et du huart a bec
blanc (G. adamsii). Ensuite, nous avons modélisé I'influence de la présence et de ’abondance de cing espéces de poissons de
méme que les caractéristiques physiques de lacs (comme la connectivité hydrologique) par rapport au taux d’occupation lacustre
des huarts et a la production d’oisillons. La présence du dallia (Dallia pectoralis) avait une influence positive sur I'occupation
et la production d’oisillons chez le huart du Pacifique, ce qui suggére que les espéces de poissons au petit corps constituent
une proie importante pour les oisillons. Aucune caractéristique de ’abondance des espéces de poissons n’a eu d’influence sur
I’occupation lacustre du huart a bec blanc. L’occupation du huart a bec blanc a plutdt été influencée par les caractéristiques
physiques des lacs qui contribuent aux populations de poissons persistantes, comme la taille du lac et la proportion du lac qui
ne gelait pas en hiver. Toutefois, aucune de ces variables n’a exercé d’influence sur la production d’oisillons. La probabilité
qu’un territoire inoccupé devienne occupé par le huart au bec blanc au cours d’une année subséquente était faible, et aucun
oisillon huart n’a été élevé avec succes dans des territoires d’oisillons anciennement inoccupés. En revanche, les territoires
inoccupés avaient une beaucoup plus grande probabilité de devenir occupés par les huarts du Pacifique, ce qui suggere que les
huarts a bec blanc ont des exigences strictes en mati¢re d’habitat et que le nombre de lacs convenant a la reproduction risque
d’étre limité. Les territoires qui €taient occupés avaient de fortes probabilités de rester occupés par les deux espéces de huarts.

Mots clés : Plaine cotiére de ’Arctique; lacs de I’Arctique; processus ascendant; communauté de poissons; réseau trophique;
Gavia adamsii; Gavia pacifica; habitat de lac; modélisation de ’occupation; occupation du territoire
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INTRODUCTION

Understanding the relationship between animals and the
habitats they select is a fundamental issue in ecology.
In general, organisms select the highest-quality habitat
available to maximize fitness. Many factors may influence
habitat quality, however, habitat selection is an adaptive
process and is often based on the distribution of resources
(Jones, 2001). Variations in the quality or reliability of these
resources can promote territoriality to ensure sufficient
resources for oneself (Krebs, 1971). Territoriality can
be a response to competition for resources and therefore
result from habitat limitations (Brown, 1964). Identifying
what constitutes a high-quality territory is important
for prioritizing what habitats to protect and informing
management decisions.

Loons (family Gaviidae) are territorial, piscivorous
diving birds that use freshwater lakes as feeding, nesting,
and chick-rearing areas. Pacific (Gavia pacifica) and
Yellow-billed Loons (G. adamsii) breeding on the Arctic
Coastal Plain (ACP) in northern Alaska overlap in
distribution and compete for territories. The larger Yellow-
billed Loon is uncommon and typically breeds on large,
deep lakes (Earnst et al., 2006). Yellow-billed Loons
are behaviorally dominant and exclude the smaller more
abundant Pacific Loon from breeding lakes (Haynes et
al., 2014a; Schmidt et al., 2014). Competition may shape
the distribution and resource use of breeding loons on the
ACP, thus Pacific Loons either choose or are limited to
comparatively smaller, shallower, less-connected lakes
(Haynes et al., 2014a; Jones et al, 2017). Interspecific
competition can be the result of resource limitation (Kodric-
Brown and Brown, 1978) and, since the overall productivity
of Arctic lakes is low (Hobbie, 1984) and waterbirds can
impact the abundance of fish in lakes (Britton et al., 2003),
this extreme territoriality of loons is likely driven by the
limited amount of high-quality breeding sites and the need
to ensure a sufficient food base within a lake to raise their
young (Haynes et al., 2014a; Uher-Koch et al., 2019).

Lake and nest site selection may be important factors
determining the breeding success of loons (Alvo et al., 1988;
Eberl and Picman, 1993; Haynes et al., 2014b; Uher-Koch
et al., 2018). Lake area, lake depth, proportion of shoreline
in aquatic vegetation, hydrologic connectivity, and percent
of the lake that remains unfrozen over winter all influence
Yellow-billed Loon lake occupancy (Earnst et al., 2006;
Haynes et al., 2014a, b; Jones et al., 2017; Johnson et al.,
2019; Uher-Koch et al., 2019). These factors are similar to
the factors that influence persistent fish populations. Work
on the closely related Common Loon (G. immer) suggests
that breeding loons are more likely to be present on large,
deep lakes containing large-bodied fish species (Ruggles,
1994; Gingras and Paszkowski, 1999), and that breeding
success is related to these characteristics (Alvo et al., 1988;
Piper et al., 2012). Pacific and Yellow-billed Loon chicks
take a long time to fledge (> 50 days; Russell, 2020; Uher-
Koch et al., 2020) and are mostly reliant on their natal lake
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for resources during this period. Chick survival is likely
driven by resource availability as adult loons must select
lakes for nesting and brood rearing that contain an adequate
supply of fish for themselves and their chicks. Although
fish availability may be a critical factor for breeding loon
territory selection (Jackson, 2003, 2005), no studies have
addressed the relationship between fish populations and
loon lake occupancy and breeding success in the Arctic.

Fish species on the ACP exhibit a variety of life history
traits. In general, fish communities on the ACP, which we
define as the assemblage of fish species within a lake, are
dictated by the ecology of the species, adult size, lake size,
and colonization potential (Hershey et al., 2006; Haynes et
al., 2014c¢; Laske et al., 2016, 2019). Shallow (< 1.6 m; Jones
et al., 2017), unconnected lakes likely constitute poor loon
habitat as they may be prone to overwintering fish die-offs
and have less predictable sources of prey fish. For large-
bodied fish species, lake occupancy is related to stream
connectivity and overwintering fish habitat (Haynes et al.,
2014c; Laske et al., 2016). Small-bodied fish, which are
used as loon prey items and to provision chicks, occupy
a variety of niches. Certain fish species may be better
suited for recolonizing lakes or can survive harsh winter
conditions, such as Alaska blackfish (Dallia pectoralis), and
their presence early in the nesting season may make them a
valuable species to loons. Other fish species, such as least
cisco (Coregonus sardinella) and ninespine stickleback
(Pungitius pungitius), are ubiquitous on the ACP (Haynes et
al., 2014¢) and have high energy densities (Ball et al., 2007),
which suggests that they would be important prey items
for loons. The fact that individual fish species may play a
role in loon habitat selection and influence chick survival
(Jackson, 2003) demonstrates the need to understand the
relationships between loon habitat selection and the fish
communities they rely on.

Identifying Pacific and Yellow-billed Loon habitat
requirements is of interest given potential changes to
Arctic lake ecosystems, which include continued warming,
changes in hydrologic patterns (Prowse et al., 2006;
Wrona et al., 2016), and ongoing interest in oil and gas
development in the National Petroleum Reserve-Alaska
(NPR-A) where high densities of nesting loons occur
(Amundson et al., 2019). Loon breeding habitat assessment
is also important because loons are considered bioindicators
of environmental health (Dickson, 1992; Evers, 2006) and
are sensitive to changes in environmental conditions (Evers
et al., 2008; Schmutz, 2014), including prey abundance
(Alvo et al., 1988; Gingras and Paszkowski, 1999). Declines
in fish populations can have large impacts on piscivorous
birds (Furness, 2007); therefore, changes in Arctic fish
populations and distributions would have implications
throughout the food web. We hypothesize that Pacific and
Yellow-billed Loon lake occupancy and productivity on the
ACP will be dictated by the fish populations on the ACP.
Because prior studies on the ACP have addressed loon
lake occupancy (North and Ryan, 1989; Earnst et al., 2006;
Haynes et al., 2014a; Jones et al., 2017; Johnson et al., 2019),
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fish detection probabilities (Haynes et al., 2013; Bradley et
al., 2016), and fish occupancy (Haynes et al., 2014c; Laske
et al., 2016), we were interested in how fish populations
relate to loon lake occupancy and breeding success. Our
goal for this study was to examine the potential impact of
prey fish availability on loon habitat selection during the
breeding season. Specifically, we evaluated the relationship
between loon lake occupancy, chick production and relative
fish species abundance within lakes in Arctic Alaska.
We use chick production as a measure of habitat quality
because loons must choose a lake to support their chicks,
and there may be differences between lakes occupied by
loons versus lakes suitable for breeding (e.g., hydrologic
connectivity; Ruggles, 1994). Finally, we determine the
variability of lake use by loons and contrast this between
coastal and inland strata and if it is related to the physical
characteristics of lakes.

METHODS
Study Area

We conducted this study at two 64 km? study sites on the
ACP from 2011 to 2014. The region consists of a low-relief
tundra landscape, dominated by many shallow lakes. Chipp
North (70.686° N, —155.305° W) is near the coast, while our
other site, Chipp South (70.395° N, —155.408° W) is ~50
km inland and has greater diversity of surface elevation
profiles (Fig. 1). Lakes in our study areas fall into three
main categories that influence the fish communities within:
1) large, deep lakes containing multiple fish species and fish
species from the Salmonidae family, 2) small, seasonally
connected lakes that have small-bodied fish species (often
ninespine stickleback are the only species present), and 3)
disconnected fishless lakes (Laske et al., 2016). We obtained
Light Detection and Ranging (LIDAR) data for each of
these study sites, which gave us a precise three-dimensional
watershed profile among all the water bodies in these plots,
thus allowing more accurate modeling of the hydrologic
relation among these water bodies. Almost every lake in
each study area was occupied by at least one pair of Pacific
or Yellow-billed Loons (e.g., only three unoccupied lakes
[> 7 ha] out of 44 lakes at Chipp North and 33 lakes at
Chipp South; Uher-Koch et al., 2019).

Lake Surveys

We systematically surveyed each lake in the study area
(n = 93) by foot beginning in mid-June from 2011 to 2014 to
identify loon territories, determine lake occupancy, and to
find loon nests. Researchers walked the perimeter of each
lake and all islands and noted the number of loons of each
species present on the lake. We recorded coordinates of nest
locations using handheld Global Positioning System (GPS)
units. Lakes (or portions of lakes for those with multiple
territories) were classified as one of three types: unoccupied

by loons, occupied by territorial loons, or occupied with
a chick present. Because loon nest initiation can occur
throughout the breeding season, we revisited each lake
periodically throughout the summer, and all lakes were
visited at least twice during the breeding season. Yellow-
billed Loons occasionally build their nest on small lakes
or channels near larger lakes that are part of their territory
(Uher-Koch et al., 2018). We considered the adjacent larger
lake as their territory when performing occupancy analyses.
Following hatch, territories were visited at least once per
week to determine chick survival. Loon survey data are
publicly available and described in (Uher-Koch, 2020).

Fish Sampling

We sampled fish from 93 lakes between our two study
areas over two summers (in 2013 and 2014). Fish sampling
followed similar methods employed by Haynes et al. (2013);
sampling began once lakes were open following ice breakup
(July) and continued through mid-August. Lakes selected
for fish sampling were based on size, loon species present,
and loon breeding status to get a variety of lakes sampled
with different uses by both loon species. We sampled for
fish on every lake over 7 ha within both study areas (the
minimum size typically used by Yellow-billed Loons; Stehn
et al., 2005; Earnst et al., 2006), but also sampled lakes less
than 7 ha to account for lakes used by Pacific Loons. Lakes
were prioritized if loons had been captured so that we could
collect loon prey samples for diet determination using fatty
acid and stable isotope analyses (Haynes et al., 2015).

We used three gear types to sample lakes for fish: gill
nets, minnow traps, and hoop nets. Following each replicate
for each gear type, fish species were identified and counted.
We deployed two 24.8 m x 1.8 m variable mesh gill nets
(eight mesh sizes ranging from 19 mm to 64 mm) per
sample lake. Gill nets were set in 1.8 m water so the lead
line of the net sat on the bottom of the lake and the float line
was on the surface of the water to sample the entire water
column. We attempted to place gill nets perpendicular to
the shoreline on opposite sides of the lake. Gill nets were
pulled after three hours, and all species of fish caught were
recorded and measured.

We deployed two baited galvanized steel minnow traps
(2.5 cm opening, 6 mm mesh) in shallow water along the
shoreline at opposite ends of each lake. Minnow traps
were removed after three hours and all species of fish
caught were recorded and measured. We set a single 0.6 m
diameter hoop net (2 throats, 6 mm mesh, two 4.6 m wings
with a float and lead line) in the lake adjacent to a stream
if the lake had a hydrologic connection. We attempted to
place the hoop net in water less than 1 m deep. The hoop
net was removed after three hours and placed in the same
location on the following day.

Gill net and minnow trap sampling were replicated
spatially and temporally as we deployed multiple sets per lake
at the same time. Most lakes were sampled on consecutive
days to get four samples per lake (i.e., two sets of both gear
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FIG. 1. Locations of study sites used to evaluate fish populations and loon lake occupancy on the Arctic Coastal Plain in northern Alaska from 2011 to 2014.

types [gill nets and minnow traps] for three hours per day).
Hoop net sets were only replicated temporally because of
the difficulty of transport; thus, hoop nets were placed in
the same location the following day (i.e., one set of three
hours each day). Nets were not systematically deployed at
certain times during the day (most sets were in the afternoon
or evening) since there is 24-hour sunlight in the Arctic in
the summer and time of day does not influence detection
probabilities of lakes on the ACP (Haynes et al., 2013). For a
subset of lakes, we only sampled fish on a single day (n = 11).
On these days, nets were checked after three hours and then
set for an additional three hours. We did not evaluate fish
detection probabilities because our fish sampling methods
were based on previous work, and detection probabilities
for fish species on the ACP have been addressed elsewhere
(Haynes et al., 2013; Bradley et al., 2016).

Loon Occupancy Analyses

To investigate patterns of loon lake occupancy and
breeding status, we developed an a priori candidate set of

16 models and evaluated the same set of models for both
Pacific and Yellow-billed Loons. Loon lake occupancy and
breeding status were modeled across four years (2011 —14).
We collapsed loon territory occupancy into three states:
unoccupied (state 0), occupied by territorial loons (state 1),
and occupied by territorial loons with reproduction
(e.g., chicks at least three weeks old; state 2). We defined
reproduction as territories with chicks that reached three
weeks of age because loon chicks have a high probability
of fledging if they survive the 2-week high-mortality
period following hatch and chick survival to two to four
weeks is often used as an estimate of fledging rates and
productivity (Titus and Van Druff, 1981; Mclntyre, 1983;
North and Ryan, 1988; Parker, 1988). Because the focus of
our study was on the influence of fish populations on loon
lake occupancy and breeding status, and dynamics between
Pacific and Yellow-billed Loons have been addressed
elsewhere (North, 1986, Haynes et al., 2014a; Schmidt et
al., 2014), we ran separate analyses for the two loon species.
We included 120 loon territories (of either species) or
unoccupied lakes in our analyses from the 93 total lakes that
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were surveyed for fish (i.e., some lakes had multiple loon
territories). To account for potential interactions between
the two species, we included parameters for lakes with
multiple loon nests and lakes with both species present.

We did not examine potential influences on loon
detection probabilities (i.e., constant with no covariates)
and do not report loon detection probabilities because the
focus of our study was to examine the relationship between
loons and fish, loon initiation is asynchronous, and all lakes
were visited multiple times per season. Further, asynchrony
in initiation dates made it difficult to correctly identify
occupancy state (e.g., the first time a territory was visited
it may have been occupied but the adults had not begun
nesting yet). Loons can have high detection probabilities
given their large size and territorial nature (Hammond et
al., 2012), and because we walked the entire shoreline of
each lake including the islands, the probability of detecting
a nest, if present, was very high. We only included two
surveys in our analyses because the status of the territory
could change over the course of the season, and we were
unable to evaluate loon breeding success until late in the
season. If a territory successfully produced chicks, the
territory was considered successful for both encounters, so
we did not bias the probability of correctly identifying the
breeding state.

To determine the potential influence of fish populations
on loon lake occupancy and breeding status we included
five covariates for the presence or non-detection of the
individual fish species. We only included fish species
with naive occupancy over 10% in our analyses: least
cisco, broad whitefish (Coregonus nasus), Arctic grayling
(Thymallus arcticus), Alaska blackfish, and ninespine
stickleback. Most adult broad whitefish were too large
to be candidate prey for loons, but we included them in
analyses as their presence may reflect other factors that are
important to loons, such as lakes that support overwintering
fish habitat. Because fish abundance can influence loon
occupancy and breeding success (Jackson, 2005), we also
calculated catch-per-unit effort (CPUE) of fish caught in
each lake. We included two models using CPUE as rough
estimates of fish abundance to evaluate if fish abundance
has a larger impact than the presence or absence of
individual fish species. These covariates included the
CPUE of large-bodied fish species presence (e.g., broad
whitefish) and CPUE for small-bodied fish species presence
(e.g., ninespine stickleback). We combined the set times
and catches for gill nets and hoop nets to determine the
CPUE for large-bodied fish and combined the hoop net and
minnow trap set times and catches to determine the CPUE
for small-bodied fish. Some fish species in our study areas
(e.g., slimy sculpin [Cottus cognatus]) had a low naive
occupancy probability (< 10%), but we included these data
when calculating the fish abundance estimates (e.g., the
only large-bodied fish species present on two lakes with
breeding Yellow-billed Loons was Arctic char [Salvelinus
alpinus]). We also included a model for the total number
of fish species (fish richness) caught in a lake because we

predicted that fish species diversity may play a role in loon
occupancy. We did not include a variable representing
lakes without fish because almost every lake we surveyed
contained at least one fish species (i.e., only six lakes
without fish out of 93 surveyed). We included a constant
model to evaluate occupancy and breeding status without
any covariates.

To evaluate whether loon lake occupancy and breeding
status were related to indices of fish populations or to
the physical characteristics of lakes, we included four
covariates related to the physical characteristic for each
lake. These covariates included the surface area of the
lake (lake area), the hydrologic connectivity of the lake,
the proportion of the lake that remains unfrozen during
winter (unfrozen), and our two study sites (site). We used
the National Hydrography Dataset (NHD) to determine
lake surface area (km? U.S. Geological Survey 2013).
To determine hydrologic connectivity (i.e., lake order)
we used a combination of LIDAR data and ground-based
observations. Lakes were given an order (-3, -2, -1, 0, 1, 2)
based on their connectivity and relationship to other lakes
within their drainage (Riera et al., 2000). We used synthetic
aperture data (SAR) to calculate lake depths and the area
of the lake that remains unfrozen (Grunblatt and Atwood,
2014).

We used robust design multi-state occupancy estimation
conditional binomial procedures (Mackenzie et al., 2009)
in Program MARK to model the probability of Pacific
and Yellow-billed Loons occurring in each occupancy
state, as well as six state transition probabilities (e.g.,
from occupied to unoccupied, occupied to occupied with
reproduction). Yellow-billed Loons are known to exclude
Pacific Loons (Haynes et al., 2014a; Schmidt et al., 2014);
therefore, we did not evaluate multispecies occupancy
models and modeled each loon species separately.
Covariates influencing the occupancy state of loons were
only included on the initial states, and we did not evaluate
temporal variation or covariates influencing transition
probabilities, detection probabilities, or probabilities of
observing the true state. We evaluated a single variable on
each occupancy state in each model and did not include
any additive models in our analyses because we wanted
to evaluate the influence of each fish species and keep the
number of models in our analyses low because of small
sample sizes. An information theoretic approach was used
to quantify and interpret effects of fish populations and
physical lake characteristics on the territory occupancy
and breeding status of loons (Burnham and Anderson,
2004). Multiple a priori hypotheses, expressed as candidate
models, were ranked by comparing models using Akaike’s
Information Criterion adjusted for small sample size (AICc)
(Burnham and Anderson, 2004). To determine the relative
support of each model, AAICc scores and AICc weights (w))
were used. AAICc scores were calculated as the difference
between each model and the most parsimonious model
(i.e., the model with the lowest AICc score). To determine
the relative support of each model, AICc weights (w,) were
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TABLE 1. Model selection results for influences on Pacific Loon lake occupancy and production of chicks on freshwater lakes in
northern Alaska from 2011 to 2014. Variables included represent the presence or absence of five different fish species, the total number of
fish species found in a lake (fish richness), the study site, the proportion of the lake that remains unfrozen overwinter (unfrozen), presence
of islands, and hydrologic connectivity. Detection probabilities and probabilities of observing true states were held constant in all models.

Model AAICc! AlCc w; Likelihood K Deviance
Alaska blackfish 0.00 0.45 1.00 13 379.34
Constant 0.89 0.29 0.64 11 384.66
Fish richness 2.62 0.12 0.27 13 381.96
Ninespine stickleback 3.62 0.07 0.16 13 382.96
Large fish abundance 4.16 0.06 0.13 13 383.50
Small fish abundance 12.87 0.00 0.00 13 392.21
Multiple loon nests 13.88 0.00 0.00 13 393.22
Site 13.91 0.00 0.00 13 393.25
Least cisco 15.06 0.00 0.00 13 394.40
Island presence 15.43 0.00 0.00 13 394.77
Multiple loon species 15.51 0.00 0.00 13 394.85
Arctic grayling 15.73 0.00 0.00 13 395.07
Lake size 15.90 0.00 0.00 13 395.24
Unfrozen 16.04 0.00 0.00 13 395.38
Broad whitefish 16.73 0.00 0.00 13 396.07
Hydrologic connectivity 17.02 0.00 0.00 13 396.36

! AICc of the highest-ranking model was 406.90.

used. We used model averaging to estimate state transition
probabilities.

RESULTS
Pacific Loon Occupancy

We included 64 Pacific Loon territories and three
unoccupied lakes in our analyses from the 93 total lakes
surveyed for fish. Model-averaged occupancy without
reproduction for Pacific Loons in our study areas was high
(0.98, 95% CI: 0.75-0.99). For Pacific Loons, the model
that included the covariate for Alaska blackfish presence
received the most support (AAICc = 0.00, w; = 0.45, Table 1).
Alaska blackfish had a positive impact on Pacific Loon
lake occupancy with reproduction (By,aen = 1.47, 95% CI:
0.04—2.91). No other models received more support than the
null model. The models including covariates for fish species
richness (Bricpness = 0-14, 95% CI: —0.16—0.46) and ninespine
stickleback presence (Bgicxicback = 0-35, 95% CI: —1.99-2.69)
received moderate support from the data (AAICc < 4.0);
however, confidence intervals of parameter coefficients
overlapped zero. Pacific Loon occupancy and breeding status
did not differ between our coastal or inland study sites.

Yellow-billed Loon Occupancy

We included 50 Yellow-billed Loon territories and
three unoccupied lakes in our analyses. Model-averaged
occupancy without reproduction for Yellow-billed Loons
in our study areas was high (0.94, 95% CI: 0.70—-0.99).
In general, the models influencing Yellow-billed Loon
lake occupancy that contained variables representing lake
physical characteristics received more support than models

including fish covariates. The models including lake size
(AAICc = 0.00, w; = 0.41) and proportion of the lake that
remains unfrozen (AAICc = 0.30, w, = 0.35) received the
most support (Table 2). However, no covariates influenced
loon lake occupancy with chick production including
lake size (Bg,. = 0.70, 95% CI: —0.15—1.53) or proportion
of the lake that remains unfrozen (B,,po,en = 0.76, 95% CI:
—0.50—2.01). Mean sizes of lakes occupied by Yellow-billed
Loons (0.83 km? SE + 0.11) were larger than those occupied
by Pacific Loons (0.41 km? SE + 0.06). Similarly, the mean
proportion of each lake occupied by Yellow-billed Loons
that remained unfrozen (0.57) was larger than for Pacific
Loons (0.26).

Individual fish species received little support from
the data as all fish species received less support than
the null model. Further, the total number of fish species
(fish richness), fish abundance variables, and hydrologic
connectivity received little support from the data. Multiple
loon species occupying a lake or lakes with multiple loon
nests also did not influence Yellow-billed Loon occupancy
or breeding status. Yellow-billed Loon occupancy and
breeding status did not differ between our coastal or inland
study sites.

Loon Occupancy State Transition Probabilities

No Yellow-billed Loon territories that produced chicks
became unoccupied in subsequent years and the model-
averaged probability that a Pacific Loon territory would
remain occupied following chick production was high (0.97,
95% CI: 0.81—-1.00). Similarly, the probability of a territory
being occupied in a subsequent year given that the territory
was currently occupied but did not produce chicks was high
for both Pacific (0.98, 95% CI: 0.93—1.00) and Yellow-
billed Loons (0.99, 95% CI: 0.97—-1.00).
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TABLE 2. Model selection results for influences on Yellow-billed Loon lake occupancy and production of chicks on freshwater lakes in
northern Alaska from 2011 to 2014. Variables included represent the presence or absence of five different fish species, the total number
of fish species found in a lake (fish richness), the study site, the proportion of the lake that remains unfrozen overwinter (unfrozen), the
presence of islands, and hydrologic connectivity. Detection probabilities and probabilities of observing true states were held constant in

all models.

Model AAICc! AlCc w; Likelihood K Deviance
Lake size 0.00 0.41 1.00 13 287.07
Unfrozen 0.30 0.35 0.86 13 287.37
Constant 4.13 0.05 0.13 11 295.75
Island presence 5.48 0.03 0.06 13 292.55
Large fish abundance 5.52 0.03 0.06 13 292.59
Arctic grayling 5.83 0.02 0.05 13 292.90
Small fish abundance 5.95 0.02 0.05 13 293.02
Least cisco 6.80 0.01 0.03 13 293.88
Site 6.84 0.01 0.03 13 293.91
Multiple loon nests 7.01 0.01 0.03 13 294.08
Broad whitefish 7.14 0.01 0.03 13 294.22
Hydrologic connectivity 7.26 0.01 0.03 13 294.34
Fish richness 7.84 0.01 0.02 13 294.92
Alaska blackfish 8.13 0.01 0.02 13 295.20
Ninepsine stickleback 8.35 0.01 0.02 13 295.42
Multiple loon species 8.45 0.01 0.01 13 295.53

! AICc of the highest-ranking model was 314.98.

The probability of a Yellow-billed Loon territory
becoming occupied in a subsequent year, given that it was
not currently occupied was low (0.28, 95% CI: 0.11-0.55),
and no loon chicks were successfully raised in territories
that were previously unoccupied. In contrast, unoccupied
territories had a much higher probability of use by Pacific
Loons (0.84, 95% CI: 0.40—0.98).

The probability of successful reproduction occurring
in a subsequent year at a territory was slightly higher for
territories that were currently occupied with reproduction
for both Pacific (0.34, 95% CI: 0.22—-0.51) and Yellow-
billed Loons (0.30, 95% CI: 0.17—-0.47), than for territories
that were currently occupied without reproduction (Pacific
Loon: 0.21, 95% CI: 0.15-0.29; Yellow-billed Loon: 0.24,
95% CI: 0.17—0.33). The number of successful territories
for Pacific (range: 8—21) and Yellow-billed Loons (range:
7-15) varied across the four years of our study.

DISCUSSION

Similar to other studies on the ACP (Haynes et al.,
2014a; Jones et al., 2017; Johnson et al., 2019; Uher-Koch et
al., 2019), our results provide further evidence that lakes on
the ACP in northern Alaska are consistently used by loons
every year because of the physical characteristics of lakes
rather than chick production or specific forage resources.
If a territory was occupied by either species of loon, even
if it did not produce chicks, it was highly likely to remain
occupied in a subsequent year. The large amount of research
showing that Yellow-billed Loons in northern Alaska
continuously use the same territories combined with their
clustered distribution, multiple pairs per lake, and large
nonbreeding population collectively suggest that breeding

habitat may be limiting (Earnst et al., 2005, 2006; Schmutz
et al., 2014; Uher-Koch et al., 2019). In contrast, we found a
much higher probability of unoccupied territories becoming
occupied by Pacific Loons and the only instances we found
of new Yellow-billed Loon territory formation was by
takeover of territories previously occupied by Pacific Loons.
Similarly, Pacific Loons have higher territory colonization
probabilities than Yellow-billed Loons (Haynes et al.,
2014a). We suspect that Pacific Loons have broader habitat
requirements and can use a wider range of lakes (North,
1986, Jones et al., 2017, Solovyena et al., 2017), including
potentially using lakes without fish. The higher potential for
Pacific Loons to occupy new territories may contribute to
the difference in breeding population sizes between the two
loon species, with Pacific Loon breeding populations being
much larger on the ACP (Wilson et al., 2018).

The presence of Alaska blackfish had a positive influence
on Pacific Loon lake occupancy with reproduction. Alaska
blackfish and ninespine stickleback often occur in the
same lake (Laske et al., 2016), and we speculate that
these small-bodied fish species provide important prey
for Pacific Loons. These fish species occupy lakes with a
wide range of physical characteristics and may be well
suited for recolonizing lakes because they are tolerant of
harsh conditions and can overwinter in lakes where other
species cannot (Haynes et al., 2014c¢). Their presence early
in the breeding season may also make them valuable to
nesting loons (Haynes et al., 2015). Pacific Loon chicks are
typically fed invertebrates from the nesting lake (Bergman
and Derksen, 1977; Kertell, 1996; Rizzolo, 2017), and the
lack of large fish (i.e., salmonids) in the lakes used by Pacific
Loons may allow for the persistence of large invertebrate
taxa that are important prey for Pacific Loon chicks (Laske
et al., 2019). The diet of adult Pacific Loons has not been



evaluated in northern Alaska, and further quantification of
diet and chick provisioning for both species of loons would
help with identifying habitat preferences.

Surprisingly, neither the presence of certain fish species
nor fish abundance influenced Yellow-billed Loon lake
occupancy, although prior research has found that fish
abundance can influence loon territory selection and chick
survival (Barr, 1996; Jackson, 2005; Merrill et al., 2005;
Alvo, 2009). These results coincide with preliminary diet
results suggesting that Yellow-billed Loons are generalist
foragers that do not rely on one specific fish species and feed
on whatever is present within the lake (Haynes et al., 2015).
Similarly, fish species on the ACP are generalist foragers,
which allows them to deal with the harsh environment in
northern Alaska (Laske et al., 2018). We recognize that
several factors could have reduced our ability to make
inferences regarding the impact of fish populations on loon
occupancy and productivity. We attempted to sample a
large number of lakes with varying physical characteristics
across our two study areas. This meant our fish abundance
estimates were only based on a maximum of two days of
fish sampling, and we suspect that our sampling may have
been insufficient to adequately measure fish abundance.
This sampling effort also prevented us from evaluating
temporal differences in fish presence and abundance.
Further, the detection of fish is imperfect (i.e., low detection
probabilities of certain fish species), and few territories for
either loon species consistently produced chicks, which
made it difficult to evaluate the potential influences on loon
occupancy and productivity. Based on prior research on the
ACP, we used multiple gear types in an attempt to improve
overall detection of fish species (Haynes et al., 2013), but
future studies should potentially increase overall sampling
effort (i.e., spend more days sampling each lake) to get a
better understanding of the fish populations within each
lake.

Factors influencing Yellow-billed Loon occupancy
were similar to those identified from prior research, such
as lake size and the amount of overwintering fish habitat
(Haynes et al., 2014a; Jones et al., 2017; Johnson et al.,
2019; Uher-Koch et al., 2019). These factors contribute to
persistent fish populations in lakes. We suspect that fish
presence may be more important to nesting loons on the
ACP than any particular fish species and, as long as there
are sufficient resources within a lake, it will be occupied
by breeding loons. Although we did not find support for
an influence of hydrologic connectivity, it is important for
both fish and loon lake occupancy on the ACP (Earnst et
al., 2006; Haynes et al., 2014c; Laske et al., 2016; Jones
et al., 2017). Our lack of results on the influences on loon
lake occupancy and production may be related to the high
density of loons at our study areas, as almost all lakes in
our study areas were occupied by loons. Surveying loon
lake occupancy and fish communities across a larger scale
in northern Alaska (e.g., Earnst et al., 2006), not just in
the highest breeding density areas, would likely provide
additional insight into loon habitat preferences.
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Habitat preferences and occupancy for adult Yellow-
billed Loons have been examined extensively in northern
Alaska (North and Ryan, 1989; Earnst et al., 2006; Haynes
et al., 2014a; Jones et al., 2017; Johnson et al., 2019; Uher-
Koch et al., 2019). However, a general understanding of
the factors influencing chick production is still lacking
as territories are not consistently productive. We found
that a territory that is occupied with reproduction in the
current year has only about a 30% chance of being used
to successfully reproduce chicks the following year. In
this study we tried to determine the potential bottom-up
processes that influence loon productivity. Chick survival
for other loon species is often driven by the abundance
of key fish species (Gingras and Paszkowski, 1999), but
top-down processes such as egg predation by terrestrial
predators (e.g., Arctic foxes [Vulpes lagopus] and red foxes
[V vulpes]; Rizzolo et al., 2014), or environmental variables
(e.g., flooding due to precipitation; Uher-Koch et al.,
2018) can also influence loon breeding success. To further
understand loon habitat quality on the ACP, research is
needed to quantify the environmental factors affecting
temporal and spatial variability in productivity.

Food webs within lake ecosystems in the Arctic are
sensitive to climate changes (Prowse et al., 2006; Wrona
et al., 2006), and the quality of loon habitat may change
with shifts in lake water levels, lake geochemistry, and fish
distributions. Given specific habitat requirements for some
loon species (e.g., large, deep lakes with overwintering
fish habitat for Yellow-billed Loons), future projections of
loon habitat quality need to account for changes to water
bodies, especially factors that may influence fish abundance
and water level changes. Many factors influence fish
distributions and many of these are ultimately temperature-
driven (e.g., increased hydrologic connectivity through
permafrost thawing), which suggests that fish with different
life histories will respond to climate warming differently
thereby leading to changes in fish community composition
(Reist et al., 2006; Sharma et al., 2007; Wrona et al., 2016).
For example, least cisco production in the Arctic is expected
to increase (Carey and Zimmerman, 2014), while climate
warming may have a detrimental effect on Arctic grayling
(Deegan et al., 1999) and lake trout (Salvelinus namaycush;
McDonald et al., 1996), which prefer cooler temperatures.
Fish are important in Arctic aquatic food webs and, because
of differences in habitat use by Pacific and Yellow-billed
Loons, identifying the relationships between loons, fish,
and hydrologic variables is critical to predicting how these
species and Arctic lake ecosystems will respond to climate
change or anthropogenic disturbance.
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