
BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors,
nonprofit publishers, academic institutions, research libraries, and research funders in the common goal of
maximizing access to critical research.

Shifts in Great Blue Heron Habitat use Following
Nest Site Usurpation: Implications for Salmonids
Author(s): Knut Marius Myrvold and Brian Patrick Kennedy
Source: The American Midland Naturalist, 179(1):105-125.
Published By: University of Notre Dame
https://doi.org/10.1674/0003-0031-179.1.105
URL: http://www.bioone.org/doi/full/10.1674/0003-0031-179.1.105

BioOne (www.bioone.org) is a nonprofit, online aggregation of core
research in the biological, ecological, and environmental sciences. BioOne
provides a sustainable online platform for over 170 journals and books
published by nonprofit societies, associations, museums, institutions, and
presses.

Your use of this PDF, the BioOne Web site, and all posted and associated
content indicates your acceptance of BioOne’s Terms of Use, available at
www.bioone.org/page/terms_of_use.

Usage of BioOne content is strictly limited to personal, educational, and
non-commercial use. Commercial inquiries or rights and permissions
requests should be directed to the individual publisher as copyright holder.



Am. Midl. Nat. (2018) 179:105–125

Shifts in Great Blue Heron Habitat use Following Nest Site
Usurpation: Implications for Salmonids

KNUT MARIUS MYRVOLD
Department of Fish and Wildlife Sciences, University of Idaho, Moscow 83844

AND

BRIAN PATRICK KENNEDY
Department of Fish and Wildlife Sciences, and Department of Biological Sciences and Department of Geological

Sciences, University of Idaho, Moscow 83844

ABSTRACT.—Interactions among predators can have important consequences for lower
trophic levels. Here, we use individual tag data on juvenile salmonids to quantify how their
geographic, taxonomic, and life-history representation in the diets of great blue herons (Ardea
herodias) changed after a pair of bald eagles (Haliaeetus leucocephalus) usurped the colony’s
nesting site, forcing the colony to relocate. Heron diet composition changed significantly
despite the short relocation distance (4.1 km). This was driven by a shift in space use, as
herons to a greater extent began consuming fish from a river basin farther away from the bald
eagle nest. As a consequence the species composition in heron diets changed significantly,
with the largest increase in coho (Oncorhynchus kisutch) and largest decrease in Chinook
salmon (O. tshawytscha). The representation of Chinook life-history types in the diets also
shifted. Fall Chinook was the numerically dominant life-history type in the diets but decreased
relative to spring and summer Chinook following relocation, accounting for differences in
availability. Expressed by rearing type (natural or hatchery-produced), the prevalence of
natural-origin Chinook in the diets increased whereas hatchery-origin Chinook decreased.
For steelhead rearing type there were no significant changes. Finally, herons increased their
use of a nearby tributary watershed following the relocation. Notwithstanding the potential
confounding factors inherent to natural experiments, our results demonstrated marked shifts
in space use among herons in response to the relocation and continued presence of bald
eagles, which in turn shifted their predation pressure to other salmonid species.

INTRODUCTION

Understanding the consequences of species interactions is fundamental to ecology and
is well documented as having impacts on individual behavior, community structure, and
the flux of energy and matter across trophic levels (MacArthur and Levins, 1964; Diamond
and Case, 1986; Begon et al., 2006; Dodds and Nelson, 2006; Mittelbach and Schemske,
2015). As one form of interaction, interspecific competition has been shown to result in a
reduction in survival, fecundity, and growth among individuals of one species because of
resource exploitation or interference by individuals of another species (Schoener, 1983;
Amarasekare, 2003). Although direct interactions such as interference competition can be
conspicuous, the consequent effects at the population or community levels are often
difficult to document. This is because of modifications to behavior, geographic
distribution, or other confounding events that occur over time scales that may be
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infeasible to control in natural settings (Hairston, 1980; Dodds and Nelson, 2006; Morales-
Castilla et al., 2015).

Species interactions can take many forms, with important ramifications for both the
species involved and for other trophic levels in the community (Brown et al., 1999; Schmitz et
al., 2000; Creel and Christianson, 2008; Zanette et al., 2011). Predators have a direct and
measurable numerical influence on their prey, but their mere presence in an area can also
indirectly affect the behavior, activity, or life-history expression of the prey species (Laundré
et al., 2001; McCauley et al., 2011). For example Suraci et al. (2016) used playback of large
carnivore vocalizations to study how it affected the foraging behavior of raccoons. During
the playbacks the raccoons spent less time foraging for red rock crabs on open beaches,
which decreased their numerical impact on the crabs. In turn the higher number of red rock
crabs were associated with lower survival of the crab’s main prey, the periwinkle snail. Lower
numbers of snails were linked to the subsequent reduction of staghorn sculpin, a competitor
with the red rock crab (Suraci et al., 2016). Therefore, nonconsumptive effects can influence
the behavior of individuals in a population and subsequently alter how that population
interacts with the community (Hawlena and Schmitz, 2010; Dupuch et al., 2014).

Subtle and indirect interactions can strongly influence the ways in which an animal uses the
space in its home range for foraging and reproduction (Brown et al., 1999; McCauley et al.,
2011; Dupuch et al., 2014; Suraci et al., 2016). Animals need to balance the time spent foraging
with the energetic return of the foraging bout (Charnov, 1976; Krebs and McCleery, 1984).
The optimal level of activity and use of space are modulated by food availability and predation
risk, which in nature most often vary in both space and time (Krebs and McCleery, 1984;
Begon et al., 2006). Optimal foraging theory sets forth predictions for how animals should
behave optimally under given conditions in order to maximize fitness (Krebs and McCleery,
1984). For central-place foragers, such as nesting birds, the optimal use of ‘‘habitat patches’’ is
influenced by the travel distance back and forth to the nest in addition to food availability,
food quality, and the risk for predation and competition (Schoener, 1979). Optimal habitat
use influences both the radial direction and distance traveled from the nest (Schoener, 1979).
It follows that the impacts on the forager’s prey base within the home range are largely
determined by the factors influencing the forager’s decisions for the direction of travel.

Here we study a natural experiment in which a pair of bald eagles (Haliaeetus leucocephalus)
usurped the nesting site of a colony of great blue herons (Ardea herodias). The colony
relocated to a new nesting site 4 km away from the original location, still along the same
river, but in a direction away from another major migration corridor for anadromous
salmonids (Oncorhynchus spp.), an important prey resource for great blue herons (Butler,
1997). Herons and eagles typically do not compete directly for prey, but eagles are known to
usurp both nests and prey from herons and other large-bodied birds (Watson et al., 1991;
Butler, 1997). Although these interactions may not be predatory, the risk and direct effects
of harassment can impact heron fitness components during critical periods such as nesting
(Lindell, 1996). Therefore, an optimal strategy for herons would be to minimize the risk of
antagonistic encounters (Kronfeld-Schor and Dayan, 2003). Due to the close proximity to
eagles, this strategy could likely entail adjusting the direction of their foraging trips rather
than the distance.

We were interested in how the relocation and presence of bald eagles in parts of the
herons’ new home range would affect the herons’ use of key prey species. We used Passive
Integrated Transponder (PIT) tag data from a vast monitoring program of salmonid
populations in the Columbia River Basin to quantify how the relocation of the heron colony
affected the relative representation of juvenile salmonids in heron diets. PIT tags are
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inserted into the body cavity of salmonids, and because they are indigestible they are passed
or regurgitated by the consuming heron. The tag data effectively served as an inventory of
potential prey, because in order to complete their life cycle, juvenile salmonids in the
Clearwater, Salmon, and Snake River basins must migrate through the foraging range of this
heron colony. Our objectives were to compare the representation of PIT-tagged salmonids
consumed by herons in both nesting locations with respect to: (1) geographic origin and
taxonomy; (2) rearing type (hatchery or natural) of Chinook salmon (O. tshawytscha) and
steelhead (O. mykiss); (3) Chinook life-history type (spring, summer, and fall Chinook); and
(4) a local watershed in close proximity to the new nesting site.

MATERIALS AND METHODS

STUDY SYSTEM

Great blue herons are colonial breeders and use established nesting locations for multiple
years. The breeding and nesting seasons last from March to August (Butler, 1997). Great blue
herons are opportunistic and generalist predators known to consume a wide array of prey
species in accordance with availability, but their primary prey are small fish (Butler, 1997).

The Snake River is the largest tributary to the Columbia River and consists of the Snake,
Clearwater, and Salmon River basins. The Snake River has experienced substantial declines in
populations of anadromous salmonids over the last century, which led to the listing of several
populations under the Endangered Species Act (NRC, 1996; NMFS, 1997). This listing
prompted a large recovery and mitigation effort throughout the basin, which has largely been
monitored and evaluated using individual-level tagging techniques. A widely used practice is
the implantation of PIT tags in fish as it allows for detection of individuals as they pass
detection sites such as instream antennae and arrays mounted inside hydropower dams. Data
on individuals are recorded using standardized procedures and are shared among involved
entities through the Columbia Basin PIT Tag Information System, PTAGIS (www.ptagis.org).

Juvenile salmonids of wild or natural origin rear in natal streams for up to 3 y before
initiating ocean-bound migration, whereas hatchery-produced juveniles are released in
proximity to the hatchery or in stream reaches for which supplementation has been
mandated (NRC, 1996). Ocean-bound fish from the Clearwater River Basin migrate right
past both nesting sites, whereas fish from the Snake River Basin and the Salmon River Basin
migrate through the Snake River. Hog Island (the nest site usurped by bald eagles) is located
13 km from the Snake River at its confluence with the Clearwater River, whereas Spalding
(the new nest site) is located 17 km from the Snake River (Fig. 1)

NATURAL EXPERIMENT

This natural experiment was caused by a pair of bald eagles which usurped the nesting site
of a colony of great blue herons on Hog Island (46.45N, 116.88W) in the Clearwater River in
Idaho, United States. The heron colony relocated 4.1 km upstream to Spalding (46.45N,
116.82W, Fig. 1) by the following nesting season. Both locations are located within 17 km of
the confluence of the Snake River and the Clearwater River, which are important migration
corridors for salmonid populations in Idaho, Washington, and Oregon (see Study System
earlier). Survey data from the Idaho Department of Fish and Game (2015) together with
PIT-tag data from the colonies (Appendix 1) showed the nesting location on Hog Island was
abandoned during the 2013 nesting season, and the colony had established a new site at
Spalding by the 2014 breeding season. We consequently compared heron diet selection
during the period 2008–2012 to the period 2014–2015.
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PIT TAG SURVEYS AT NESTING LOCATIONS

We used a mobile FS2001F-ISO PIT tag reader (Destron Fearing, St. Paul, Minnesota) to

survey for tags at both the Hog Island and Spalding nesting locations. The reader creates an

electromagnetic field capable of engaging the PIT tag, which uses the energy to emit its

FIG. 1.—The location of the Columbia River Basin in North America, and the geographical origin of
the juvenile salmonids found at the great blue heron nesting sites on Hog Island (2008-2012) and
Spalding (2014-2015). The nesting sites are indicated by stars. Squares indicate tagging locations of fish
found only on Hog Island, triangles indicate fish only found at Spalding, and black dots indicate the
release locations of fish found at both nesting sites. The tagging locations cover a minimum area of
approximately 74,000 km2 in Idaho, Washington, and Oregon, United States
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unique code. In addition to the most commonly used 134.2 kHz ISO-compliant tag, we
searched for both 125 kHz and 400 kHz non ISO tags. The tag surveys were conducted after
the 2015 nesting season when herons and eagles were not present. We scanned the entire
area around the nest trees by moving the mobile reader along the ground outwards in
concentric circles until no more tags were detected. We also scanned downed nests and forks
in the nest tree within reach of the surveyor, as some tags were found wedged between limbs
and inside downed nest structures. Tag codes were stored in the FS2001F tag reader using
the ‘‘store tag mode’’. The tag codes were subsequently used to access the associated
information about the individual fish in PTAGIS, such as species, size at last observation,
time of tagging, and release location.

TRUNCATION BASED ON SURVEY DATA OF HERON DIETS

Our survey data revealed only a limited number of PIT-tags originating prior to 2008.
Further, no survey data on the heron nesting locations were available until 2009. We
therefore truncated the data set to only include fish tagged after 01/01/2008. Finally,
because the 2013 nesting season failed, we excluded data from 2013 from the analyses.
Consequently, the sample size for the diet data was 2253 PIT-tagged juvenile salmonids
(Appendix 1).

DATABASE QUERIES ON AVAILABLE TAGS

We queried the PTAGIS database for information on the number and composition of PIT
tags released into the Clearwater, Snake, and Salmon River basins and therefore potentially
available as prey to the herons. We limited the query by defining the following parameters.
First, because we focused on the period from 2008 through 2015, we defined release date on
or after 01 January 2008. Second, we only considered the locations (by sub-basin) identified
from the tags we retrieved at the nesting locations (Fig. 1) and hence defined release
locations accordingly in the query. Third, because tags only from juvenile salmonids were
found at the nesting locations, we only considered Chinook, coho, sockeye, and steelhead ,
300mm. Finally, the truncation based on the diet data led us to exclude the data from 2013.
The total number of PIT-tagged salmonids within these bounds was 6,588,962.

STATISTICAL ANALYSES

The goal of our analyses was to determine the implications of the nesting site usurpation
and subsequent relocation on the juvenile salmonids in the diet of herons. Because the
numbers and characteristics of the available tags (i.e. the tags used in the salmonid
monitoring program) also could change within and between these two periods, the analyses
had to control for this variation as well as the potential confounding of time (see Appendix 2
for an examination of the effects of combining data into the two periods corresponding to
the two nesting locations). We therefore tested for independence among proportions of
available tags and tags found in the diets between the nesting locations for the taxonomic
and spatial characteristic outlined in objectives one through four. We specified contingency
tables stratified by the nest location, the taxonomic and spatial characteristic of question,
and the frequency of both available and retrieved tags. In absence of any diet selection the
expectation would be that the proportions of tags in the diets would equal the proportions
of tags available. To account for multiple comparisons in objectives one through three, we
used the Cochran-Mantel-Haenszel (CMH) general association statistic, which is a measure
of the odds ratio (available and retrieved) between groups (location, species, and life
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history). For objective four we analyzed the frequency of available and taken tags using
Fisher’s Exact test because of low expected cell counts. All analyses were conducted in SAS
9.2 Proc FREQ (SAS Institute, Cary, North Carolina), and the raw data used in the analyses
are given in Appendix 3.

RESULTS

OBJECTIVE 1: GEOGRAPHIC ORIGIN AND SPECIES COMPOSITION

To quantify the consequences of the nesting site relocation and the continued presence of
bald eagles on Hog Island on great blue herons’ diets, we first mapped the geographic origin
of the consumed fish (Fig. 1). The source area, as evidenced by the location at which fish
were tagged and released, covered an area exceeding 74,000 km2 across three states. These
tagging and release locations were all within the Clearwater River Basin, the Salmon River
Basin, and the Snake River Basin, which together form the Snake River, 13 km downstream
from Hog Island and 17 km from Spalding. Eighty tagging and release locations were
represented in the heron diets at both nesting locations, whereas 15 tagging and release
locations were unique to Hog Island, and 13 were unique to Spalding.

The relative availability of fish from the three major drainage basins changed slowly over
the study period (Fig. 2; Appendix 3). In examining the corresponding predation data (i.e.
the tags found at the nesting locations), there was a marked shift in the geographic origin of

FIG. 2.—Geographical origin of PIT tagged juvenile salmonids available in the study area (all species,
n¼6,588,962) and those found at the nesting sites (n¼2253), showing the proportions of fish originating
in the Snake River, Salmon River, and Clearwater River, respectively. When nesting on Hog Island the
great blue herons preyed primarily on fish from the Snake River Basin, and equal to or less than
expected on fish from the Salmon and Clearwater River basins. Following the nesting site usurpation
and the subsequent relocation to Spalding, the great blue herons preyed on fish from the Clearwater
River Basin to a greater extent. Sample sizes for the salmonids taken by the herons are given in Table
S1.2 in Appendix 1, and sample sizes for all the tagged juvenile salmonids in the study area are given in
Table S3.1 in Appendix 3
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the fish consumed in 2014, when the colony relocated to Spalding (Fig. 2; Appendix 3). The
representation of fish from the Clearwater River Basin and the Salmon River Basin
increased, whereas the representation of fish from the Snake River Basin decreased.
Separating the entire period for the study into two periods corresponding with the nesting
site relocation (2008–2012 on Hog Island and 2014–2015 at Spalding) and controlling for
differences in availability between the two periods, we found a significant difference in the
composition of their geographic origin between Hog Island and Spalding (Cochran-Mantel-
Haenszel general association statistic statistic¼449.1, d.f.¼2, n¼6,588,962, P , 0.0001). For
example tag releases in the Clearwater River Basin decreased from 25.5% of total releases in
the 2008–2012 period (n¼ 1,488,044 out of 5,841,464) to 21.0% in the 2014–2015 period (n
¼ 156,899 out of 747,498). However, the corresponding diet data (i.e. tags retrieved at the
nesting locations) for tags originating in the Clearwater River Basin increased from 24.4%
on Hog Island (n ¼ 372 out of 1526) to 68.0% at Spalding (n ¼ 494 out of 727), a
proportional increase of 124% or a 2.2 times higher utilization rate.

Due to the shift in the space use (as evidenced by the geographic origin of tags in the
heron diets), the species composition in the diets also changed between the two periods of
the study, i.e. the periods corresponding to the use of the respective nesting locations.
Controlling for differences in availability between the two periods, there was a significant
difference in the species composition in the heron diets between the two nesting locations
(CMH statistic¼2390, d.f.¼3, n¼6,588,962, P , 0.0001; Fig. 3). For example the availability
of coho salmon during the Hog Island period (2008–2012) was 0.71% of all tagged fish (n¼
41,708 out of 5,841,464) and 2.7% (n¼ 20,098 out of 747,498) during the Spalding period
(2014–2015), an increase of 276%. The corresponding diet data showed coho constituted
3.7% of all tags found on Hog Island (n¼ 57 out of 1505) and 32.3% (n¼235 out of 727) of
all tags at Spalding, an increase of 765%. Accounting for changes in availability, the
proportional increase in selection for coho was thus (765/276)% ¼ 2.8 times. Taken
together, this shows both the species composition and their geographical origin differed
between the nesting sites and to a greater extent than could be expected from differences in
availability alone.

OBJECTIVE 2: REARING TYPE

Chinook rearing type.—We investigated whether the representation of hatchery and
naturally produced Chinook in the heron diets differed between the nesting locations
(i.e. whether fish taken reflected those available in the Clearwater, Snake, and Salmon River
basins with regards to rearing type). Chinook with unknown rearing type (from the queries
of release data in PTAGIS; n ¼ 90,149, or 1.8% of Chinook total) were omitted from this
analysis. Controlling for differences in availability, there was a significant difference in the
representation of the rearing types in the diet between the two nesting sites (CMH statistic¼
513.0, d.f. ¼ 1, n ¼ 5,131,118, P , 0.0001; Fig. 4). The proportion of naturally produced
Chinook available increased from 18.1% during the Hog Island period (2008–2012, n ¼
853,426 out of 4,704,252) to 60.3% during the Spalding period (2014–2015, n¼ 257,526 out
of 426,866), but the proportion in the heron diets increased proportionally more (from 1.2%
[n ¼ 16 out of 1383] to 11.7% [n ¼ 34 out of 291]). The composition of natural and
hatchery-produced Chinook salmon in the heron diets therefore differed between the two
nesting locations, with an approximately three-fold increase in natural-origin Chinook
following nesting site relocation.

Steelhead rearing type.—We conducted a similar analysis for steelhead rearing type. A total of
16,827 steelhead (1.7%) were excluded from the analysis because of unknown rearing type.
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The proportions of natural-origin steelhead available during the periods corresponding to
Hog Island (56.4%, n ¼ 409,412 out of 725,665) and Spalding (57.4%, n ¼ 161,817 out of
282,057) were comparable, whereas natural-origin steelhead in the diets changed from
32.5% (n¼27 out of 83) on Hog Island to 62.3% (n¼ 119 out of 191) at Spalding. However,
this shift was not statistically significant at the a¼ 0.05 level (CMH statistic¼ 1.6, d.f.¼ 1, n¼
1,007,722, P ¼ 0.20).

OBJECTIVE 3: CHINOOK LIFE-HISTORY TYPE

We investigated whether the proportions of the various Chinook salmon life-history types
differed between the two time periods and associated nesting locations. There are three life-
history types in the study area (spring, summer, and fall Chinook), which indicate the timing
of the adult spawning migration. Chinook salmon was the most prevalent species in the
heron diets in this study (n ¼ 1674 out of 2253 tags), and of these, fall Chinook was the
dominant life-history type (n ¼ 1412 tags). There were relatively large changes in the
proportions available and retrieved between the two periods and nesting locations (Table 1).
Accounting for differences in availability, we found the proportions of the life history types
in the diets differed significantly between the two nesting sites (CMH statistic¼ 955.8, d.f.¼
3, n ¼ 5,221,228, P , 0.0001; Table 1). For example there was a substantial decline in the
number of fall Chinook available between the two periods, from 60.7% of all Chinook life-
history types in 2008–2012 (n¼ 2,905,327 out of 4,784,869) to only 2.4% (n¼ 10,678 out of
436,359) in 2014–2015. Despite this decline in availability, fall Chinook was still an important

FIG. 3.—Due to the shift in space use following nesting site relocation from Hog Island to Spalding,
Idaho, the species composition in the heron diets also changed. Shown are the proportions of juvenile
salmonids available and in the diets at the two nest site locations. The largest proportional shift was
observed in coho salmon, which primarily reside in the Clearwater River Basin. Due to the increased use
of the Clearwater River Basin following relocation, the overall impacts on coho salmon became greater.
Sample sizes for the salmonids taken by the herons are given in Table S1.2 in Appendix 1, and sample
sizes for all the tagged juvenile salmonids in the study area are given in Table S3.2 in Appendix 3
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prey at Spalding and did not show the same magnitude of decline in the diet composition as
the availability would suggest. The proportion of fall Chinook in the heron diets declined
from 93.3% (n¼1291 out of 1383) on Hog Island to 41.4% (n¼121 out of 291) at Spalding.

OBJECTIVE 4: USE OF A NEARBY WATERSHED

The above analyses focused largely on juvenile salmonids caught by herons during
outmigration in the mainstem rivers. We also investigated whether the use of a nearby
watershed changed when the heron colony relocated to Spalding. The nesting site at
Spalding is located approximately 200 m from where the fourth-order Lapwai Creek enters
the Clearwater River. Lapwai Creek harbors a threatened population of naturally
reproducing Snake River steelhead.

FIG. 4.—Proportions of Chinook rearing types (hatchery or naturally produced) available during the
respective periods and found at the nesting sites on Hog Island and Spalding, Idaho. Sample sizes for
the tagged juvenile Chinook in the study area and those consumed by the herons are given in Table S3.4
in Appendix 3

TABLE 1.—Proportions (%) of the various life-history types of PIT-tagged juvenile Chinook salmon
available in the study area (n¼5,221,228) and found in the heron diets at the nesting locations (n¼1676)

Life
history

Tagged
2008-2012 (%)

Tagged
2014-2015 (%)

Found on
Hog Island (%)

Found at
Spalding (%)

Change in
availability (%)

Change in
diet (%)

Fall 60.7 2.4 93.3 41.4 -96.0 -55.6
Spring 19.1 65.3 5.6 45.2 241 702
Summer 5.6 14.1 0.9 10.3 154 1085
Unknown 14.6 18.1 0.2 3.1 24.4 1322
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A total of 8816 wild juvenile steelhead were tagged and released in the Lapwai Creek
watershed between 2008–2012 and 2014–2015, of which a total of 29 tags were found at both
nesting locations. We queried PTAGIS for these 29 individuals to verify they were indeed
residing in the watershed, i.e. not actively outmigrating and hence not caught by herons in
the Clearwater River. None was detected at the PIT tag array close to the mouth (antenna
code LAP in PTAGIS). The number of steelhead taken by herons was much higher in the
period 2014–2015 than would be expected by the number of steelhead available (Fisher’s
exact test, F¼ 7754, n¼ 8816, P , 0.0001; Table 2). A total of 7762 steelhead were tagged
between 2008 and 2012, of which eight were found on Hog Island. By contrast a total of 1054
steelhead were tagged in 2014–2015, of which 21 tags were found at Spalding. This suggests
herons used this watershed to a greater extent following their relocation to Spalding.

DISCUSSION

Using data on over 6.5 million individually marked juvenile salmonids in the Snake River
Basin, of which 2253 were consumed by great blue herons, we quantified how the
taxonomic, life-history, and geographic composition in the heron diets changed as a result
of a nesting site relocation and the presence of bald eagles. While the number, geographic
origin, and composition of available tags (i.e. from salmonid population monitoring)
changed between the two periods, their relative representation in the heron diets differed
from the expected distributions. These changes were driven by a geographic shift, whereby
herons began consuming fish from the Clearwater River Basin to a greater extent, and from
the Snake River Basin to a lesser extent, following the relocation to a new nesting site. In
turn, the relative impacts of heron predation on salmonid populations migrating through
and residing within their home range shifted, likely as a consequence of the usurpation of
their original nesting site.

Natural experiments represent a unique opportunity to study the responses to ecological
phenomena because the conditions cannot be explicitly or intentionally produced by
humans. As a result natural experiments often lack controls and replication at the level of
the treatment (Hurlbert, 1984). Examples of such treatments include introduction or re-
introduction of species (Hernández and Laundré, 2005) and dam construction on large
rivers (Terborgh et al., 2001; Wu et al., 2003). Both examples represent situations that may
not be possible or desirable to replicate, but multiple biotic responses to these impacts may
nevertheless be detected. Responses include changes in the abundance and composition of
the affected communities, altered trophic dynamics, and altered gene flow within
populations (e.g., Brown et al., 1999; Wu et al. 2003; Hernández and Laundré, 2005).
Critics of natural experiments often point to the lack of replication of the treatment or the

TABLE 2.—Numbers of PIT-tagged juvenile steelhead tagged in the Lapwai Creek watershed and found
at the respective nest sites. The nesting location at Spalding is located on the confluence between
Lapwai Creek and the Clearwater River

Tributary Tagged 2008-2012 Tagged 2014-2015 Found on Hog Island Found at Spalding

Lapwai Cr. 3447 537 3 6
Mission Cr. 1775 199 3 4
Sweetwater Cr. 1385 222 1 9
Webb Cr. 1155 96 1 2
Total 7762 1054 8 21
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uncontrolled conditions under which the responses are studied. Whereas we recognize these
shortcomings, we argue that by using theory, carefully examining the responses, and
respecting the limitations of the data, we can learn something about the behavior of the
system (Oksanen, 2001). Before we discuss our findings, we emphasize the intention of this
article was not to develop a model for the general response of herons to nest site usurpation
and continued presence of bald eagles (which likely would prove nearly impossible). Rather,
we studied the response of this particular heron colony to the particular events it
experienced using an approach that integrated their collective foraging behavior over time.

The three-fold increase in the use of Clearwater River Basin fish following relocation
could perceivably be explained by the added distance to the Snake River and by avoidance of
the bald eagle nesting site. Central-place foragers such as nesting birds are faced with the
need to optimize the distance to their foraging location relative to its profitability (Schoener,
1979; Begon et al., 2006). The added distance to the Snake River following the relocation was
4.1 km, or 33% (from 12.5 km to 16.6 km). However, the distance is within reported
foraging ranges of great blue herons (Dowd and Flake, 1985; Butler, 1997; Custer and Galli,
2002). Therefore, it is unlikely the added distance alone was the primary reason for the shift
in habitat use, and the shift in space use could at least partly be due to behavioral decisions.
Resource partitioning and aversion of risk for predation and antagonistic interactions can
largely determine behavior and habitat use in mobile organisms (Kronfeld-Schor and Dayan,
2003; Hernández and Laundré, 2005; Begon et al., 2006). In the absence of competition or
risk of predation, an organism’s realized niche is typically larger, and more time can be
spent foraging, whereas the opposite is true in presence of competitors, predators, and
kleptoparasites. For example re- introductions of large carnivores to systems from which they
have been absent for some time provide an opportunity to study how their renewed presence
can change the behavior and space use of prey and inferior competitors (Brown et al., 1999;
Laundré et al., 2001; McCauley et al., 2011; Zanette et al., 2011; Suraci et al., 2016). Behavioral
responses include changes in habitat use and time spent being vigilant for predators (Brown
et al., 1999; Laundré et al., 2001; Hernández and Laundré, 2005). Use of suboptimal habitats,
less time foraging, and increased levels of stress associated with behavioral shifts can in turn
be manifested in depressed vital rates in prey species or inferior competitors (McCauley et
al., 2011; Zanette et al., 2011), and by such, the mere presence of predators can impact prey
populations beyond what can be expected from predation alone (Creel and Christianson,
2008).

When space use and vital rates in a species are altered as a result of the presence of
predators, kleptoparasites, or strong competitors, it ultimately could lead to changes in
community composition and trophic dynamics (Hawlena and Schmitz, 2010; Suraci et al.,
2016). Bald eagles are capable of preying upon great blue herons (Ferguson-Lees and
Christie, 2001) but also pose a perceived or real threat as kleptoparasites. Bald eagles are
known to harass other birds, forcing them to give up prey (Watson et al., 1991). For nesting
birds it is critical to weigh the time spent foraging with the prospective outcome of the
foraging bout. With higher risk of losing the prey to kleptoparasites in parts of the home
range, it is more profitable to use areas of lesser risk, given that the availability of food is
comparable. It is reasonable to think the observed changes in salmonid geographic
representation in the heron diets following relocation to Spalding was partly the result of
herons avoiding contact with eagles nesting on Hog Island.

Interspecific nest-site usurpation has been documented in a variety of bird species
(Lindell, 1996; Barrientos et al., 2015). However, the phenomenon is under-documented
due to its short duration relative to chronic interactions, such as competition for food
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(Lindell, 1996). Because the herons nest along or near two major migration corridors for
salmonids in Idaho, Washington, and Oregon, the geographical origin of their potential
prey is expansive (Fig. 1). The distance of the nesting site relocation was only 4.1 km but
shifted the herons’ numerical impact between these two mainstem rivers. For example the
predation pressure on Clearwater River coho salmon as well as steelhead in the nearby
Lapwai Creek watershed increased, and the representation of natural-origin Chinook
salmon (as opposed to hatchery-produced fish) in the diets increased. The decision to
forage along either migratory corridor hence largely influenced the herons’ impacts on local
salmonid populations.

The nature of the data precluded calculations of absolute predation rates (i.e. the total
impact on the salmonid populations) for two main reasons. First, we do not have estimates
for the proportional tagging effort across the study area (i.e. if a known proportion of the
total population is tagged, the number of untagged fish in the diet could be calculated based
on how many tags were found). Second, we do not have a cumulative detection probability
for PIT tags. Tag detection is the product of the probabilities of a heron preying on a tagged
fish, transporting it back to the nest site, and the surveyor detecting the tag on the ground
(Osterback et al., 2013). As a result the numbers presented in our study were not intended to
be estimates of predation rates.

Other, similar studies have provided estimates of predation rates on salmonids by
piscivorous colonial birds using detection of PIT tags on nesting locations (Evans et al., 2012;
Osterback et al., 2013; Sebring et al., 2013). Evans et al. (2012) evaluated avian predation on
ESA-listed salmonids in the Columbia River Basin by estimating the proportion of PIT-
tagged juvenile salmonids passing through hydroelectric dams that were found on
downstream nesting locations. Predation rates ranged from 2.5% of Willamette River
spring Chinook salmon, to 16% of Snake River steelhead. Quantifying predation rates can
be particularly important for managing imperiled populations. Osterback et al. (2013)
investigated predation of juvenile steelhead by western gulls (Larus occidentalis) on the
central California coast. Predation is a concern for the recovery of imperiled steelhead
populations in this area. Predation rates ranged from 7.5% to 82% among the watersheds
considered, with higher predation rates in streams closer to the nesting location of the gulls
(Osterback et al. 2013). These studies demonstrate piscivorous birds can represent an
important control on salmonid populations, which could slow the recovery of threatened
salmonid stocks. However, it is important to note avian predation is rarely the ultimate cause
of salmonid declines.

Notwithstanding the potential confounding factors inherent to natural experiments, the
analysis shows interactions among predators can ultimately result in altered predation
pressure on the prey of one of the involved species due to shifts in space use. Because of
their short duration, such interactions can be difficult to document directly, but by taking
advantage of known individuals (i.e. tagged) in the prey community we can elucidate the
consequences of such interactions on the prey community. With increased availability of
individual-level monitoring data, this represents an interesting avenue of research, which
can provide important insights into the consequences of behavioral adjustments on trophic
dynamics (Osterback et al., 2013; Sebring et al., 2013).
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APPENDIX 1: HERON DATA AND EXAMINATION OF THE RAW DATA FROM THE PIT TAG SURVEYS

The relocation of the great blue heron colony from Hog Island to Spalding was
documented by the Idaho Department of Fish and Game during surveys of the heron
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population in the Clearwater region of Idaho. Documentation of active nesting locations
and counts of the number of breeding pairs is typically conducted by boat on the rivers. The
surveys documented 34 active nests on Hog Island in both 2009 and 2010. The 2014 survey
documented 26 active nests at Spalding, and no active nests on Hog Island.

Our survey on the two nesting locations (Hog Island and Spalding) yielded a total of 2415
PIT tags. Due to a limited number of tags released prior to 2008, and no survey data on the
heron colonies during this period, we truncated the data set to only include tags released
after 01/01/2008 (Table S1.1). Further, the 2013 nesting season failed due to the nest site
usurpation event. By 2014 the heron colony had relocated to Spalding and nested
successfully. We therefore considered the periods from 2008–2012 and 2014–2015 in our
study, totaling 2253 PIT-tagged juvenile salmonids consumed by the colony of great blue
herons.

TABLE S1.1.—Data from the tag surveys on the heron nesting sites, showing the number of tags per
species per release year (after PIT tagging)

Hog Island Spalding
Sub
totalYear Chinook Coho Sockeye Steelhead Sum Chinook Coho Sockeye Steelhead Sum Total

2001 1 1 1
2002 1 1 1
2003 4 4 4
2004 3 3 3
2005 20 2 22 22
2006 59 1 60 60
2007 20 5 25 25 116
2008 139 5 144 144
2009 238 21 4 263 263
2010 203 12 19 234 234
2011 312 10 22 344 1 1 2 346
2012 491 14 3 33 541 1 9 10 551
2013 7 11 6 24 7 2 13 22 46 46
2014 104 64 3 63 234 234
2015 185 171 7 118 481 481
Sum 2008–2015 1498 68 3 97 1666 298 237 10 204 749 2415
Sum excl. 2013 1383 57 3 83 1526 291 235 10 191 727 2253
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APPENDIX 2: EXAMINATION OF ANNUAL VARIATION IN RELEASE AND PREDATION NUMBERS

The goal of the article was to assess the effects of the nest site relocation on the diet
selection of herons. We consequently compared the periods corresponding to the respective
nest site locations, i.e. 2008–2012 on Hog Island and 2014–2015 at Spalding (Table S2.1).
However, because this was a natural experiment, there was only one effective ‘‘treatment’’
(i.e. one usurpation event and subsequent relocation) and no control (i.e. because the entire
colony relocated and no individuals remained on Hog Island, we could not compare their
diets). In our study, the spatial change could therefore be potentially confounded by
temporal changes in the availability of PIT-tagged salmonids and diet selection.

To address this issue we analyzed the temporal trends in release numbers (i.e. availability)
for the three major drainage basins. Here we pooled all species together and focused on
their release location by major drainage basin (Clearwater River, Salmon River, and Snake
River). The relative availability of fish from the three major drainage basins changed slowly
and steadily over the study period (see Fig. S2.1 below, left hand side). Releases (in percent of
total releases in the study area) in the Clearwater River Basin (estimate ¼#0.97% and SE ¼
0.32% year#1, n¼8, d.f.¼1, t¼#3.0, P¼0.024) and the Snake River Basin (estimate¼#1.4%
and SE ¼ 0.57% year#1, n ¼ 8, d.f. ¼ 1, t ¼#2.48, P ¼ 0.047) decreased over time, whereas
releases in the Salmon River Basin increased (estimate¼ 2.4% and SE¼ 0.50% year#1, n¼ 8,
d.f. ¼ 1, t ¼ 4.7, P ¼ 0.003).

The changes in available tags were gradual and relatively smaller than the shifts in diet (i.e.
the fish taken by herons, see Fig. S2.1 below, right hand side). Comparing the means of the
available tags with the tags taken by herons at the two nest site locations (see Table S2.1
below), we see that the change in diet exceeded that of availability of tags following
relocation.

The central question is therefore whether the relocation caused this spatial shift in diet
selection, or if this shift would occur in 2014 irrespective of the relocation and the continued
presence of bald eagles. Because of the nature of natural experiments, we did not have a
control colony with which we could compare diet selection and habitat use. Instead, we
examined the data on diet selection and availability.

First, the variances of both diet and availability were smaller within each period than for
the whole time series. It thus seems unlikely that the diet shift would occur independently of
the relocation after several years of relative stability and no abrupt changes in the availability
of PIT tagged salmonids. Second, the changes in the means of the available tags (i.e. for the
Hog Island period and the Spalding period, respectively) were much smaller than the
change in the means of the tags taken by herons at the two nest site locations. It is hence
unlikely that the diet shift was driven by changes in availability alone. This suggests that some
behavioral adjustment took place. Finally, we stress that although the data are presented as

TABLE S2.1.—Proportions of available and taken PIT tags by time period and location, and the percent
change following relocation from Hog Island to Spalding

River basin

Available tags (%) Tags found at nest site (%) Change (%)

2008–2012
(Hog Island)

2014–2015
(Spalding) Hog Island Spalding

Change in
releases

Change in
predation

Clearwater R. 25.5 21.0 24.4 68.0 #17.6 223.7
Salmon R. 15.7 27.4 2.4 9.9 74.3 #63.8
Snake R. 58.8 51.7 73.2 22.1 #12.2 #57.1
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annual point estimates, they are indeed integrative measures over the entire nesting period
in those years, which typically lasts from March until August. That is, the diet numbers
represent the sum of all behavioral foraging decisions by the individuals in the colony for the
duration of the nesting period.

In conclusion, while we acknowledge the limitations inherent to natural experiments and
large-scale phenomena (also see discussion in the manuscript) it would be a wasted
opportunity not to try to learn something about the effects of the phenomenon. With the
large shifts in diet selection co-occurring with the nest site relocation, while the availability
remains largely unchanged, we think the pattern reflects a real behavioral response to the
relocation and the continued presence of eagles rather than a shift that could have occurred
in the absence of the relocation.

APPENDIX 3: RAW DATA USED IN THE ANALYSES

This appendix contains the raw data for the analyses, listed by objective. Tables S3.1, S3.2,
and S3.3 correspond to objective 1; Tables S3.4 and S3.5 correspond to objective 2; and
Table S3.6 corresponds to objective 3.

TABLE S3.1.—Annual releases of PIT tagged juvenile salmonids (all species pooled) in the study area
separated by drainage basin. The data were used for objective 1

River basin

Year Clearwater R. Salmon R. Snake R. Total

2008 410,548 167,482 781,682 1,359,712
2009 244,000 171,823 671,512 1,087,335
2010 291,184 211,556 674,525 1,177,265
2011 286,149 190,869 641,554 1,118,572
2012 256,163 175,305 667,112 1,098,580
2013* 100,870 122,494 237,146 460,510
2014 84,132 95,229 225,854 405,215
2015 72,767 109,267 160,249 342,283
SUM 1,644,943 1,121,531 3,822,488 6,588,962

TABLE S3.2.—Annual releases of PIT-tagged juvenile salmonids in the study area separated by species.
Also shown are the corresponding period and the nest site used at the time. The data were used for
objective 1

Year Chinook Coho Sockeye Steelhead Corresponding period and nest site

2008 1,136,847 38 5326 217,501 2008–2012 / Hog Island
2009 896,831 11,291 66,900 112,313 2008–2012 / Hog Island
2010 971,906 10,156 65,632 129,571 2008–2012 / Hog Island
2011 911,050 10,168 67,914 129,440 2008–2012 / Hog Island
2012 868,274 10,055 66,607 153,644 2008–2012 / Hog Island
2013* 283,362* 10,173* 4698* 162,277* *Not included in analysis
2014 237,885 9,980 4587 152,763 2014–2015 Spalding
2015 198,474 10,118 4374 129,317 2014–2015 Spalding
SUM 5,221,267 61,806 281,340 1,024,549 2008–2012 and 2014–2015
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TABLE S3.3.—Annual releases of PIT-tagged juvenile salmonids in the study area separated by species
and drainage basin. The data were used for objective 1

Year Basin Chinook Coho Sockeye Steelhead Corresponding period and nest site

2008 Clearwater 350,782 23 0 59,743 2008–2012 / Hog Island
2008 Salmon 144,914 0 5326 17,242 2008–2012 / Hog Island
2008 Snake 641,151 15 0 140,516 2008–2012 / Hog Island
2009 Clearwater 214,870 11,285 0 17,845 2008–2012 / Hog Island
2009 Salmon 87,113 0 66,900 17,810 2008–2012 / Hog Island
2009 Snake 594,848 6 0 76,658 2008–2012 / Hog Island
2010 Clearwater 259,391 10,143 0 21,650 2008–2012 / Hog Island
2010 Salmon 121,515 5 65,632 24,404 2008–2012 / Hog Island
2010 Snake 591,000 8 0 83,517 2008–2012 / Hog Island
2011 Clearwater 252,790 10,166 0 23,193 2008–2012 / Hog Island
2011 Salmon 101,569 0 67,914 21,386 2008–2012 / Hog Island
2011 Snake 556,691 2 0 84,861 2008–2012 / Hog Island
2012 Clearwater 228,012 10,055 0 18,096 2008–2012 / Hog Island
2012 Salmon 86,043 0 66,606 22,656 2008–2012 / Hog Island
2012 Snake 554,219 0 1 112,892 2008–2012 / Hog Island
2013 Clearwater 72,669 10,173 0 18,028 *Not included in analysis
2013 Salmon 85,779 0 4698 32,017 *Not included in analysis
2013 Snake 124,914 0 0 112,232 *Not included in analysis
2014 Clearwater 61,727 9980 0 12,425 2014–2015 Spalding
2014 Salmon 71,821 0 4587 18,821 2014–2015 Spalding
2014 Snake 104,337 0 0 121,517 2014–2015 Spalding
2015 Clearwater 51,731 10,116 0 10,920 2014–2015 Spalding
2015 Salmon 79,400 0 4374 25,493 2014–2015 Spalding
2015 Snake 67,343 2 0 92,904 2014–2015 Spalding

TABLE S3.4.—Numbers of Chinook separated by rearing type available in the study area and found at
the nesting locations. The data were used for objective 2

Nesting location Rearing type Available Found in diet

Hog Island Hatchery 3,850,826 1367
Hog Island Natural 853,426 16
Spalding Hatchery 169,340 257
Spalding Natural 257,526 34

TABLE S3.5.—Numbers of steelhead separated by rearing type available in the study area and found at
the nesting locations. The data were used for objective 2

Nesting location Rearing type Available Found in diet

Hog Island Hatchery 316,253 56
Hog Island Natural 409,412 27
Spalding Hatchery 120,240 72
Spalding Natural 161,817 119

THE AMERICAN MIDLAND NATURALIST124 179(1)



TABLE S3.6.—Numbers of Chinook separated by life-history type available in the study area and found
at the nesting locations. The data were used for objective 3

Life history type

Available Found in diet

2008–2012 2014–2015 Hog Island Spalding

Fall Chinook 2,905,327 10,678 1291 121
Spring Chinook 916,045 285,096 77 131
Summer Chinook 265,759 61,446 12 30
Unknown type 697,738 79,139 3 9
SUM 4,784,869 436,359 1383 291
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